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Abstract
The use of methylotrophic yeast Pichia pastoris for the production of 
heterologous proteins under control of promoter Paoxi is widespread. However, 
the physiological effects controlling Paoxi have not been thoroughly investigated. 
A series of experiments were performed investigating either the effect of oxygen 
limitation or mixed glycerol/methanol feeding regimes on heterologous protein 
production. Oxygen limitation revealed that increases in Human serum albumin 
(HSA) mRNA did not reflect the actual level of HSA protein produced. Mixed 
glycerol/methanol feeding showed the negative effect of glycerol on HSA 
production. There was not a statistically significant change in the level of HSA 
mRNA dependent on the ratio of glycerol:methanol used. This was believed to 
be due to the effects of mixed feeding overriding the inhibitory/stimulatory effects 
of glycerol and methanol respectively. A stoichiometric bioreaction network for P. 
pastoris consisting of 85 reactions was constructed, and used to determine the 
distribution of metabolic fluxes under the different physiological conditions 
analyzed. Metabolic flux analysis of data from both the oxygen limitation and 
mixed feed experiments showed amino acid biosynthesis, oxygen and methanol 
uptake reactions were positively correlated to HSA excretion. TCA cycle 
reactions and amino acid synthesis reactions competing with HSA production 
were negatively correlated to HSA excretion. Glycerol uptake rate was negatively 
correlated with fluxes in the Pentose Phosphate pathway. Metabolic flux analysis 
also revealed that energy and biomass producing reactions "compete” with HSA
I
producing reactions for the flux of metabolites. Using the data from this work it 
should be possible to engineer strain of P. pastoris that can produce increased 
quantities of heterologous protein.
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1Chapter 1. Introduction
1.1 Production of Heterologous protein
Heterologous proteins are produced by the use of host organisms as 
heterologous protein expression systems. Host organisms used for the
production of heterologous proteins are predominantly species of bacteria, fungi 
and mammalian cells. The heterologous proteins produced are from a massive 
range of species: bacteria, fungi, protists, plants, invertebrates, vertebrates
(human and non-human) and viruses.
The bacterial species Escherichia coli was the organism of choice for the 
production of heterologous proteins when their production began, due to the well 
characterised genome and familiarity E. coli provided. However, there were 
limitations to E. coli expression systems. As a prokaryote, E. coli possesses 
none of the membrane-bound intracellular organelles present In eukaryotes. 
These include organelles that are responsible for conformational modifications to 
proteins being produced. Eukaryotic heterologous proteins produced by E. coii 
that normally undergo post-translational modification have a genetic code 
identical to that of the wild-type (natural) protein. However, when produced by E. 
coli the protein is in a non-functional form due to the inability of E. coli to perform 
post-translational modifications or glycosylation that occur in membrane bound 
organelles. This limitation of E. coli led to research into the use of eukaryotic 
expression systems to produce heterologous protein of eukaryotic origin (HPEO).
Yeast and mammalian cells became the main area of research for the production 
of HPEO.
The first yeast used for production of HPEO was Saccharomyces cerevisiae. S. 
cerevisiae has been used traditionally in the baking and brewing industries 
making it an organism that was generally regarded as safe (GRAS). The 
sequencing of the complete genome of S. cerevisiae (Goffeau, et al, 1996) 
combined with the in-depth knowledge of physiology, genetics and molecular 
biology made S. cerevisiae the ideal candidate for production of HPEO. The 
successful use of S. cerevisiae prompted research into the use of other yeasts 
for HPEO production. The S. cerevisiae expression system although competent 
was not without problems. Levels of naturally secreted proteins are quite high 
meaning that extracellular product proteins had to be separated from them. The 
post translational modification system of S. cerevisiae has a propensity to 
hyperglycosylate (addition of mannose to proteins) certain protein products 
(Cregg and Higgins, 1995). These shortcomings of the S. cerevisiae expression 
system meant that the use of other yeasts for heterologous protein production 
was investigated. It became clear that there were a number of yeast species 
with genetic and/or physiological properties that made them better suited to the 
production of certain HPEO than S. cerevisiae. One candidate was the yeast 
Pichia pastoris.
2
31.2 Pichia pastoris
Pichia pastoris, a yeast capable of utilising methanol as its sole carbon source, 
was first isolated in 1969 (Ogata et al, 1969). At this time there were predictions 
that the rate of population growth would cause a worldwide shortage of animal- 
derived protein (Cereghino and Cregg, 2000). Single cell protein (SCP), an 
animal feed composed of microbial biomass, was seen as a cheap alternative to 
traditional vegetable based feeds (Cereghino and Cregg, 2000). Methylotrophic 
(methanol loving) yeasts were seen as ideal candidates for use as sources of 
SCP due to the plentiful supply of cheap methanol, a by-product of the 
petrochemical industry (Cereghino and Cregg, 2000). P. pastoris was identified 
as a prime candidate for SCP production due to its prolific growth on methanol as 
sole carbon source. There was a lot of research into the large-scale growth of P. 
pastoris and biomass concentrations of >130 gl'1 dry cell weight were achieved 
(Cereghino and Cregg, 2000). However, increases in the price of oil (and 
therefore methanol) and the non-emergence of the animal derived protein 
shortage meant that P. pastoris became impractical as a source of SCP. 
However, the methanol utilisation pathway of P. pastoris proved to be ideal for 
adaptation into a heterologous protein expression system. The research that had 
been carried out into the industrial-scale use of P. pastoris was seized upon for 
its development as a heterologous protein expression system.
4The first enzyme in the P. pastoris methanol utilisation pathway is alcohol 
oxidase (AOX), responsible for converting methanol into formaldehyde and 
hydrogen peroxide (see Figure 1.1) (Veenhuis et al, 1983). The genes 
responsible for AOX production were first isolated by Ellis et al. (1985) and were 
functionally characterised by Cregg et al. (1989). AOX is profusely synthesised 
when P. pastoris is grown on methanol as its sole carbon source (forming up to 
35% of total cellular protein) (Van Verseveld and Duine, 1986). AOX has a low 
affinity for methanol (enzyme affinity (Km) 1.4 milli molar (mM) in the presence of 
0.19 mM oxygen) (Couderc and Baratti, 1980). The affinity of AOX for methanol 
decreases if the amount of oxygen present increases (Km 3.1 mM in the 
presence of 0.93 mM oxygen), similarly the affinity of AOX for oxygen decreases 
if there is methanol present (Km 0.4 mM in the absence of methanol; Km 0.7 mM 
in the presence of 0.01 M methanol) (Couderc and Baratti, 1980). These factors 
will have led to the survival of those strains of P. pastoris that overproduce AOX 
in the presence of methanol due to the low affinity of the enzyme for its methanol 
substrate.
There are two genes in P. pastoris that code for AOX, AOX1 and AOX2 (Cregg 
et al, 1989). There is greater than 90% homology between AOX1 and AOX2, 
and the AOX proteins produced from AOX1 and AOX2 are 97% homologous 
(Cregg et al, 1993). However, AOX1 is responsible for production of almost all
1 . 2 . 1  M e t h a n o l  u t i l i s a t i o n
5AOX mRNA and protein product (Cregg and Higgins, 1995). This is due to the 
presence of a strong promoter at the 5’ end of AOX1 (called P a o x i )•
Cylcsitl
Figure 1.1. The methanol metabolism pathway of Pichia pastoris. Glutathione-independent 
formaldehyde oxidation pathway is not shown. Enzymes (1) alcohol oxidase (AOX); (2) catalase; 
(3) glutathione-dependent formaldehyde dehydrogenase; (4) S-formylglutathione hydrolase; (5) 
formate dehydrogenase; (6) dihydroxyacetone synthase; (7) dihydroxyacetone kinase; (8) 
fructose 1,6-bisphosphate aldolase; (9) fructose 1,6-blsphosphatase. (From (Sakai et al, 1999).
Methanol must be present for AOX production to occur; most other carbon 
sources inhibit Paoxi and stop AOX production. In P. pastoris cells grown on 
glucose, ethanol or glycerol as a sole carbon source there is practically no AOX 
produced; AOX is undetectable on cells grown solely on these carbon sources 
(Cregg et al, 1993;Van Verseveld and Duine, 1986).
Due to the presence of this strong, tightly regulated and easily inducible promoter 
P. pastoris is an ideal candidate for the production of HPEO.
6P. pastoris displays a propensity for homologous recombination between 
genomic and artificially introduced DNA, therefore most expression systems are 
integrative (where the desired gene is inserted into the P. pastoris genome). 
This removes problems of plasmid stability, and confers genetic stability to the 
genes of the desired heterologous protein product (Romanos, 1995).
Expression strains of P. pastoris are produced via the use of an expression 
vector; the purpose of which is to transfer the genes of the desired protein 
product into the host cell. The expression vector consists of a plasmid containing 
a P. pastoris marker, E. coli marker, and an expression cassette containing: a 5’ 
section of AOX1 DNA (including P a o x i ) ,  gene of interest, and a section of 3’ 
AOX1 DNA (see Figure 1.2). The expression vector is constructed in E. coli and 
is then transformed into P. pastoris cells (the expression vector is an E. coli/P. 
pastoris suicide vector, a vector which can replicate in E. coli but is unable to 
replicate in P. pastoris).
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7Figure 1.2. Generalised diagram of a Pichia pastoris integrative expression vector. The 
expression cassette is shown in red and consists of: 5’ Paoxi, a section of 5’ P. pastoris DNA 
containing the P. pastoris promoter PAoxi', gene of interest, the gene that codes for the desired 
protein product; TT, the AOX1 transcription terminator sequence; P. pastoris marker, a section of 
DNA that codes for a product that will allow detection of integrative transformants; 3’ AOX1, a 3’ 
section of AOX1 DNA that together with the 5’ PAoxi DNA will allow integrative transformation by 
double cross over in the host cell. The Escherichia coli marker is also present in this example it 
also contains an E.coli autonomous replicative sequence and is used when the expression vector 
is being constructed within E. coli.
1.2.2.1 Selectable Markers
Selectable markers are required for screening of cells that have an integrated 
copy of the expression cassette. Therefore a selectable marker needs to change 
the phenotype of the cell from that of the wild-type, or return the phenotype to 
that of the wild-type if an auxotroph is used. There are still relatively few markers 
available for the genetic manipulation of P. pastoris. The most commonly used 
marker is HIS4 from P. pastoris  or S. cerevisiae. HIS4 encodes a multifunctional
8polypeptide that has phosphoribosyl-AMP cyclohydrolase, phosphoribosyl-ATP 
pyrophosphatase and histidinol dehydrogenase activities. Phosphoribosy!-AMP 
cyclohydrolase and phosphoribosyl-ATP pyrophosphatase catalyse the second 
and third steps in histidine biosynthesis respectively, and histidinol 
dehydrogenase catalyses the last two steps. Suicide vectors pPIC9K and pHlL- 
D2 (see examples of P. pastoris expression vectors) contain the HIS4 marker to 
allow for selection in P. pastoris auxotrophs (mutants lacking in the HIS4 gene 
and therefore unable to synthesise histidine).
1.2.2.2 Examples of P. pastoris expression vectors
pPIC9K (Fig. 1.3a) and pH!L-D2 (Fig. 1.3b) are expression vectors produced by 
Invitrogen Limited, Paisley, UK, that are commonly used in the expression of 
foreign genes within P. pastoris. Both carry 31 and 5’ AOX genes at each end of 
the expression cassette, they also both contain a HIS4 gene (see selectable 
markers). pPIC9K also contains the S. cerevisiae a-factor secretion signal 
allowing transport of the foreign protein out of the cell. pHIL-D2 is designed for 
intracellular expression. Both vectors also contain antibiotic resistance markers 
for selection in E.coli and/or P.pastoris.
9a.
CQf£= —
b.
Figure 1.3a. P. pastoris/E. coli suicide vector pPIC9K. 5’ AOX1=5’ alcohol oxidase 1 promoter fragment, 
S=S. cemvisiae a-factor secretion signal, TT also labelled 3’ AOX1 (TT)=section of 3’ alcohol oxidase 1 
transcription termination site, HIS4=histidinol dehydrogenase gene, Kanamycin=Kanamycin resistance 
gene, 3’ AOX1=3’ alcohol oxidase 1 fragment, pBR322=£. coli origin of replication, Ampicillin=Ampicillin 
resistance gene. 1.3b. P. pastoris/E. coli suicide vector pHIL-D2. 5' AOX1=5’ alcohol oxidase 1 promoter 
fragment, 3’ AOX1 (TT)=section of 3’ alcohol oxidase 1 transcription termination site, HIS4=histidinol 
dehydrogenase gene, 3’ AOX1=3’ alcohol oxidase 1 fragment, Ampicillin=Ampicillin resistance gene, f1 
ori=origin of replication from bacteriophage f1, pBR322=£. coli origin of replication. All other annotation on 
Figure 1.3a and a are restriction sites for the respective restriction endonucleases shown. Both diagrams 
from Invitrogen Ltd. Website.
pPIC9K has been successfully used by Dufour et al. (1998) to produce vertebrate 
protein papain nitrile hydratase for the use in production of amidrazones that are 
intermediates in the synthesis of key components of biologically active 
molecules. It has also been used to express Ktrlp to show that it is a yeast a- 
1,2-mannosyltransferase, used for biosynthesis in S. cerevisiae (Romero et al, 
1997). Bacterial protein Accessory Cholera Enterotoxin (Ace) of Vibrio cholerae 
has been expressed using pPIC9K, to allow studies on its effect on transcellular 
ion transport during cholera infection (Trucksis et al, 1997).
pHIL-D2 has been used to produce viral mutant S antigens of hepatitis B to 
investigate the effect of mutation in the ‘a’ determinant of surface antigen (Chiou 
et al, 1997). It has also been used to produce plant protein spinach 
phosphoribulokinase to explore the role of regulatory cysteinyl residues by site- 
directed mutagenesis (Brandes et al, 1996).
1.2.2.3 Insertion of expression cassette into host genome
Once transformed into the P. pastoris cells an exchange of DNA between the 
expression vector expression cassette and corresponding P. pastoris 
chromosomal DNA is required, this process is known as site-specific 
recombination (SSR). SSR in this case involves double-crossover (exchange of 
double stranded DNA molecules) between the AOX1 locus (position of AOX1 
gene) and the expression vector expression cassette (see Figure 1.4). This
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results in the replacement of the wildtype (natural) AOX1 gene with the 
expression cassette containing the gene of interest instead of AOX1. Once 
integrated the phenotype of the P. pastoris strain changes from the wildtype Mut+ 
(both AOX1 and AOX2 intact) to Muts (Methanol utilisation slow) (only AOX2 
intact). The disruption of the AOX1 gene causes slow methanol 
utilisation to occur as the strain relies on the weakly induced AOX2 gene for 
methanol metabolism. That the activation of the AOX2 promoter requires higher 
methanol concentrations than the AOX1 promoter also contributes to the slower 
growth of Muts P. pastoris strains on methanol as methanol concentration must 
build up before the promoter is activated (Nakagawa et al, 1999). It is possible to 
produce a Mut* P. pastoris heterologous protein producing strain by integrating 
the expression cassette at a locus other than that of AOX1. A Mut" P. pastoris 
heterologous protein producing strain is produced if both AOX1 and AOX2 loci 
are disrupted by integration of the expression cassette; this strain is unable to 
utilise methanol.
The lack of an origin of replication for P. pastoris in the vector means that when 
P. pastoris transformants are subjected to selective conditions (e.g. a HIS4 
auxotroph in a medium that does not contain histidine) only those transformants 
in which integration has occurred will be able to survive.
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Figure 1.4. Site-specific recombination between the Pichia pastoris expression vector and the P. pastoris 
AOX1 locus resulting in eviction of the AOX1 gene. 1. The circular P. pastoris expression vector plasmid. 
2. The P. pastoris expression vector is linearised by cutting it with restriction enzymes. This also serves to 
remove the £. coli marker from the plasmid. 3. The linearised P. pastoris expression vector is transformed 
into P. pastoris where it undergoes a site-specific recombination (SSR) event with the AOX1 locus on the 
host P. pastoris cell genome. During the SSR the homologous 5’ and 3’ regions on the P. pastoris 
expression vector and P. pastoris AOX1 locus interact. This causes the eviction of the wildtype P. pastoris 
AOX1 gene (shown in blue) that is replaced by the disrupted AOX1 gene of the expression cassette (shown 
in red). 4. The wildtype AOX1 gene has been replaced by the disrupted AOX1 gene of the expression 
cassette. The host cell will now display the slow methanol utilisation (Muts) phenotype. This is because the 
AOX1 gene is disrupted with the gene of interest (that codes for the desired protein product) and so the host 
cell now relies on the weakly induced AOX2 gene (not shown) for methanol metabolism.
1 . 2 . 2 . 4  O t h e r  g e n e s  u s e d  f o r  H e t e r o l o g o u s  p r o t e i n  e x p r e s s i o n
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The use of PAOxi as a promoter is suitable for many applications. However, there 
are occasions when the use of methanol as an inducer in the medium is 
unsuitable e.g. foodstuff production (Cereghino and Cregg, 2000). To overcome 
this, work has been done to find and characterise promoters in P. pastoris that 
are induced by other compounds.
Glutathione-dependent formaldehyde dehydrogenase promoter [Pfldi) 
Glutathione-dependent formaldehyde dehydrogenase (FLD) is an enzyme 
involved in the metabolism of methanol and certain alkylated amines (Veenhuis 
et al, 1983). FLD breaks down formaldehyde in the cell produced from 
metabolism of either methanol (as sole carbon source) and/or an alkylated amine 
(as sole nitrogen source) (Shen et al, 1998). P f l d i  (induced by methylamine) is 
as strong as P a o x i  (induced by methanol) but allows glucose or glycerol to be fed 
instead of methanol, thereby making it a good candidate for use when methanol 
is not a suitable carbon source (Cereghino and Cregg, 2000).
Glyceraldehyde-3-phosphate dehydrogenase promoter (Pqap) 
Glyceraldehyde-3-phosphate dehydrogenase (GAP) is a tetrameric nicotinamide 
adenine dinucleotide-binding enzyme involved in glycolysis and gluconeogenesis 
(Waterham et al, 1997). P q a p  is constitutively expressed; although strength 
varies depending on carbon source used (Waterham et al, 1997). Foreign
protein expression under control of P Ga p  in glucose grown cells is significantly 
higher than expression under control of P a o x i  in methanol grown cells 
(Waterham et al, 1997). However, the constitutive induction P g a p  undergoes 
means that it is not suitable for production of proteins toxic to P. pastoris.
1.2.2.5 Humanisation of the post translational modification system in P. 
pastoris
As with S. cerevisiae glycosylated proteins (glycoproteins) produced in P. 
pastoris undergo hyperglycosylation i.e. addition of mannose residues. When 
human cells synthesise glycoproteins mannose residues are removed 
(Bretthauer, 2003), hyperglycosylation makes human glycoproteins produced in 
P. pastoris unsuitable for human therapeutic use as the extra mannose residues 
make the proteins antigenic and they are therefore rapidly cleared from the blood 
(Goochee et al. 1991). Production of non-glycosylated proteins e.g. human 
serum albumin do not suffer from problems with antigenicity as the protein is not 
glycosylated (Ohtani et al, 1998). Therefore work has been performed to 
humanise the P. pastoris glycosylation system. Bretthauer (2003) showed that 
that the N-glycosylation pathway of P. pastoris could be re-engineered without 
compromising cell viability. Cell viability is often affected when the glycosylation 
pathway of yeast is altered as N-glycosylation of proteins is required for cell wall 
synthesis (Bretthauer, 2003). Vervecken et al. (2004) performed work 
eliminating the OCH1 gene that led to elimination of hyperglycosylation. OCH1
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codes for the a-1,6-mannosyltransferase Ochip that initiates 
hypermannosylation. Further modification of the glycosylation system involved 
expression of mannosidase that trims all a-1,2-mannose residues. The 
combination of the inactivation of OCH1 and expression of mannosidase led to 
almost complete conversion of glycoprotein structure to Man5-GlcNAc2 which 
following further modification is homologous to the hybrid oligomer as produced 
in human cells.
1.2.2.6 Secretion of heterologous proteins
When producing proteins using P. pastoris it is desirable for them to be secreted 
into the culture medium to allow for easier downstream processing. In cases 
where the protein produced is naturally secreted (extracellular) e.g. human 
serum albumin no modification is required as the protein is secreted efficiently 
using the natural secretion signal. However, proteins that are produced 
intracellulariy or that are membrane bound require modification for secretion. 
There are two main secretion signals used in P. pastoris expression systems: S. 
cerevisiae prepro a-mating factor is the most commonly used secretion signal 
(Macauley-Patrick et aL 2005). It has been shown to be so effective that it can 
sometimes cause secretion of more heterologous protein than the natural 
secretion signal for the protein. The other secretion signal used is P. pastoris 
acid phosphatase (PH01) (Cereghino and Cregg, 2000).
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1.2.3.1 Common feeding strategy
The common feeding strategy is a medium feeding regime that gives high yield 
heterologous protein production from P. pastoris Muts strains. The growth 
strategy is based around the induction/repression mechanism that regulates 
AOX1 gene expression. In wild type strains AOX is synthesised in the presence 
of methanol and repressed in the presence of any other non-Ci carbon source 
(Brierley et al, 1990). Consequently Muts P. pastoris strains, that have a 
disrupted AOX1 gene due to site specific recombination of the expression 
cassette containing the DNA for the desired protein product, display the following 
characteristics: growth on methanol as sole carbon source gives a high product 
yield but a poor growth rate; while growth on glycerol as sole carbon source 
gives a low product yield but high growth rate (Thorpe et al, 1999).
The common feeding strategy takes advantage of these growth characteristics 
and consists of a multi-phasic process of growth and production (Fig. 1.5). The 
growth stage consists of a batch/fed batch culture with glycerol as the sole 
carbon source. The production stage is a fed batch with methanol as the sole 
carbon source.
1 . 2 . 3  F e e d i n g  S t r a t e g i e s
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Figure 1.5. The common feeding strategy performed using Pichia pastoris GS115 His+ Muts 
Albumin (Invitrogen). First stage was batch growth on glycerol as sole carbon source (0-24.5 
hours). Second stage was fed batch growth on 350ml 50% w/v glycerol containing 12 ml I'1 
PTM1 trace salts per litre fed over 4 hours (24.5-29 hours). Third stage was fed batch production 
(and growth) on 100% methanol containing 12 ml I'1 PTMi trace salts per litre (29-100 hours). 
This culture was performed at Avecia, Biilingham using a B. Braun Biotech international Biostat 
ED bioreactor with a maximum volume of 15L.
The first stage is batch growth on glycerol that results in culture growth to an 
initial low cell concentration (recognised by a characteristic, transient pattern in 
oxygen consumption). The fed batch stage in which glycerol acts as the limiting 
carbon source results in very high cell density (>130 g I'1 dry cell weight) 
(Wegner, 1990). This approach provides sufficient biomass for the final 
production stage. Methanol is then fed as the limiting carbon source and 
inducer. The methanol feed rate is carried out according to the initial culture
volume. The methanol feed is slow at first (1 ml I'1 h'1) to allow the Muts cells 
time to adapt from the glycerol to the methanol feed. The methanol feed rate is 
then slowly increased to 3 ml I"1 h”1 and then fed at this rate until the end of the 
process (for further detail see section 2.3). The final stage of inducer (methanol) 
feeding produces heterologous protein to gram per litre quantities due to the use 
of the AOX1 promoter for heterologous protein production control. The 
production of protein prior to induction with methanol that occurred in common 
feeding strategy performed (Fig, 1.5) is discussed in Chapter 3.
1.2.3.2 Improvement of the common feeding strategy
There have been attempts at improving upon the common feeding strategy, 
these have involved: regulation of dissolved oxygen, mixed feeding (of methanol 
inducer and another carbon source at different times), combined feeding (of 
methanol inducer and another carbon source simultaneously), different feed 
controllers, changes to the feeding regime or a mixture of these methods.
Work using mixed substrate feeds (glycerol and methanol) has been carried out 
with Muts strains in attempts to strike a balance between growth and production. 
However, protein productivity is limited by residual glycerol within the system, 
which suggests that glycerol represses P a o x i  in some way (Brierley et al, 1990). 
One method used to avoid build up of residual methanol was the use of a 
combined feed of glycerol and methanol in which the glycerol was fully utilised
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(5:2 volume basis glycerol:methanol feed) (Loewen et al, 1997). This resulted in 
an increase in protein production of ~5 g I'1 although this was attributed to an 
increase in biomass and not increased productivity of the yeast (Loewen et al, 
1997). A mathematical model has been developed that allows exponential mixed 
feeding of fed-batch Muts P. pastoris culture to be carried out (d'Anjou and 
Daugulis, 2000).
To circumvent problems of residual glycerol during mixed glycerol/methanol 
feeding, feeds using other carbon sources have been carried out. Some 
alternative carbon sources used in mixed feeds are: peptone (Loewen et al, 
1997), alanine, sorbitol, mannitol and trehalose (Inan and Meagher, 2001). 
Alternative carbon sources have had varying success. Alternative carbon 
sources fed in mixed feed in place of glycerol often produce lower biomass but 
give a higher yield resulting in a level of protein production equivalent to that from 
glycerol/methanol mixed feeding. Some alternative mixed feed sources do 
produce more protein than the equivalent glycerol/methanol mixed feed (Inan 
and Meagher, 2001). However, gains in protein production are often not large 
enough to warrant the use of a carbon source other than glycerol as they are 
more expensive.
Oxygen limitation has been shown to be detrimental to heterologous protein 
production and can easily occur with such high cell densities produced during the 
growth stage. It is known that it is important that the dissolved oxygen (PO2)
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remains above 30% throughout the process (d'Anjou and Daugulis, 
1997;Romanos M., 1995). One method to stop oxygen limitation, is a low 
glycerol feed rate during the fed-batch stage thereby facilitating lower growth 
(d'Anjou and Daugulis, 1997). It has been shown that a high level of dissolved 
oxygen tension enhances heterologous protein production (Lee et al, 2003). 
Little is known about the actual affect that oxygen has on P a o x i  within P. pastoris. 
No chemostat work has been reported that examines the effect of dissolved 
oxygen on PAoxi.
HPEO production levels can be improved by the use of medium feeding regimes 
other than the general feeding strategy. Cyclic fed batch feeding regimes have 
been shown to improve the levels of secondary metabolite production (Busheil et 
al, 1997;Lynch and Busheil, 1995). Cyclic fed batch culture provides an 
environment in which the growth limiting substrate is available at a constantly 
decreasing level. This is ideal for use in mixed feeding of P. pastoris as glycerol 
has been shown to inhibit the effect of methanol on P a o x i■ The constant 
decrease of glycerol available within the bioreactor should produce an 
environment in which there is no inhibition of P a o x i  due to excess glycerol.
The effects of gene dosage have also been studied. Perhaps surprisingly an 
increase in gene copy number does not necessarily translate into an increase in 
protein production level (Sreekrishna et al, 1997). In some cases it can even 
lead to a decrease in protein production (Thill et al, 1990) cited in (Sreekrishna et
al, 1997). So it is an ideal copy number that is required rather than a maximum 
possible copy number.
The presence of an easily inducible strong promoter { P a o x i ) ,  well-characterised 
expression systems and adaptable production procedures make P. pastoris an 
ideal organism for production of HPEO. However, gaps in the basic knowledge 
about the effects of oxygen limitation and mixed feeds on growth and production 
provide scope for further research.
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C h a p te r  2 . M a teria ls  a n d  M e t h o d s
2.1 Culture
The Pichia pastoris host strain GS115 His* Muts Albumin was used in al! 
experiments (Invitrogen). The gene coding for human serum albumin (HSA) was 
under the control of the primary alcohol oxidase promoter P a o x i■
2.2 Growth Media
Two media were used in shake flask culture:
Yeast Extract Peptone Dextrose Medium (YPD), yeast extract (10g I-1), 
peptone (20g I'1) added to 900ml water and following sterilisation 20% w/v 
dextrose solution (100ml I*1).
Minimal glycerol Medium (MGY), 13.4% w/v filter sterilised yeast nitrogen base 
with ammonium sulphate without amino acids (100ml I'1), 0.02% w/v filter 
sterilised biotin (2ml I'1) and 10% v/v filter sterilised glycerol (100ml I"1) all added 
to 800ml sterilised water.
Minimal Dextrose Medium (MD), (Used for agar plate preparation)
13.4% w/v filter sterilised yeast nitrogen base with ammonium sulphate without 
amino acids (100ml I"1), 0.02% w/v filter sterilised biotin (2ml I"1), 20% w/v filter 
sterilised dextrose (100ml i"1) all added to 800ml sterilised agar (800ml water and
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15g agar autoclaved). Plates were poured immediately after all components 
were mixed.
In bioreactor culture fermentation basal salts medium was used that contained 
varying amounts of glycerol and methanol, dependent on the experiment (details 
given in text). 35% Ammonium solution was fed as nitrogen source and to 
provide pH control.
Fermentation Basal Salts Medium (FBSM), 85% phosphoric acid (26.7ml I"1), 
calcium sulphate (0.93g I-1), potassium sulphate (18.2g I"1), magnesium sulphate- 
7 H2O (14.9g l‘1) and potassium hydroxide (4.13g I'1). Following sterilisation by 
autoclaving PTM1 trace salts were added (4.35ml I’1).
PTM1 trace salts: Cupric sulphate-5H20 (6.0g I-1), sodium iodide (0.08g I"1), 
manganese sulphate-H20 (3.0g I'1), sodium molybdate-2H20 (0.2g I"1), boric acid 
(0.02g r1), cobalt chloride (0.5g I'1), zinc chloride (20.0g i'1), ferrous sulphate 
(65.0 g I"1), biotin (0.2g I’1) and sulphuric acid (5.0ml I'1). Filter sterilised.
2.3 Bioreactor Culture
Batch Culture: A LH Systems LH502 D bioreactor with a maximum volume 
(Vmax) of 2.00L was used. Batch growth was carried out on 1.22L of FBSM with 
glycerol (40g I"1) for 24hr. Dissolved oxygen concentration was monitored by a 
Uniprobe Type G2 (galvanic) oxygen electrode. pH was measured using a 
Broadley James pH fermprobe. pH was controlled by a LH Engineering 505 pH
control unit pumping 35% ammonium hydroxide to maintain a pH of 4. Foaming 
was eliminated by the addition of 0.01% Breox FMT 30 antifoam.
Multi phasic fed batch culture (common feeding strategy): A B. Braun 
Biotech International Biostat ED bioreactor with a Vmax up to 15L was used. The 
first phase was a batch phase in 6.2L FBSM with glycerol (40g I'1). Rates of 
glycerol and methanol feeding were carried out according to the initial culture 
volume (6.2L). Glycerol fed-batch phase feeding 50% w/v glycerol feed 
containing PTM1 trace salts (12ml i"1 glycerol) (350ml fed over four hours) fed 
using a Watson Marlowe 101U peristaltic pump. Methanol fed-batch phase 
feeding 100% methanol containing PTMi trace salts (12ml I'1 methanol) (1 ml I'1 
h'1 for the first two hours, increased in 10% increments every 30 minutes until a 
feeding rate of 3 ml I'1 h'1 was reached. Feed was maintained for ~100 hours 
when harvesting was carried out) fed using a Watson Marlowe 101U peristaltic 
pump. Dissolved oxygen concentration was monitored by a Uniprobe 
polarographic oxygen electrode. Dissolved oxygen was controlled by the B. 
Braun Biostat ED digital measurement and control unit (DCU) regulating stirrer 
speed to maintain 35% dissolved oxygen within the bioreactor. pH was 
measured using a Broadley James pH fermprobe. pH was controlled by the B. 
Braun Biostat ED DCU pumping 35% ammonium hydroxide to maintain a pH of 
4. Foaming was eliminated by the addition of a silicon-based antifoam under 
control of the DCU.
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Cyclic Fed Batch Culture (CFBC): A B. Braun Biolab bioreactor with a
maximum volume (Vmax) of 1.8L was used. Culture was grown as a batch on 
1.5L FBSM with glycerol (20g I'1). Then mixed feeding of FBSM with glycerol 
(20g I’1) and methanol (10g I"1) was fed at a flow rate of 0.016 lh"1 using a Gilson 
Minipuls peristaltic pump. When the bioreactor volume reached Vmax it was 
emptied to minimum volume (Vmjn) using a Cole-Parmer Masterflex peristaltic 
pump (Vmax 1.8L, Vmm 0.6L). Dissolved oxygen concentration was monitored by 
a Uniprobe E5 Polarographic oxygen electrode. pH was measured using an 
Ingold combination pH electrode. pH was controlled by a B. Braun Biolab pH 
controller unit pumping 35% ammonium hydroxide to maintain a pH of 5. 
Foaming was eliminated by the addition of 0.02% Breox FMT 30 antifoam. 
Cyclic Fed batch work was performed in Collaboration with Dr. J.N. Wardell.
Chemostat culture: An Adaptive Biosystems Xplora bioreactor with a Vmax of 
1.5L was used. Batch growth was carried out on 1.5L FBSM with glycerol (20g I" 
1), A working volume of 1.22L was used. Feeds were run using FBSM with 
glycerol (10, 15 or 20g I’1) and methanol (3, 10 or 15g I'1). Dilution rate was 0.03 
(flow rate 0.0366 lh'1, volume 1.22L). The pump used for removal of medium via 
a dip-tube and addition of fresh medium was a Gilson Minipuls peristaltic pump. 
Dissolved oxygen concentration was monitored by a Broadley-James 
Polarographic Oxyprobe. pH was measured using a Broadley James pH 
fermprobe. pH was controlled by a peristaltic pump on the Xplora system
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pumping 35% ammonium hydroxide to maintain a pH of 4. Foaming was 
eliminated by the addition of 0.02% Breox FMT 30 antifoam.
2.4 Assays
Glycerol concentration was determined using enzyme assay kits (Boehringer- 
Mannheim). Methanol concentrations were determined using a methanol 
detector and sensor unit (Raven Biotech Inc.). Viable counts were performed on 
MD agar plates. Protein concentration was determined using Bradfords’ method 
(Bradford, 1976).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and gel 
staining were performed to check for the production of HSA from the common 
feeding strategy as follows: approximately 15pl of dialysed culture supernatant 
(~10pg recombinant protein) was mixed with 5pi of 4 x SDS-reducing sample 
loading buffer (Bio-Rad) and 10 to, 20pl was subjected to electrophoresis on 
12% Tris SDS acrylamide minigels in Tris-glycine running buffer (Bio-Rad). Gels 
were stained with 0.1% Coomassie blue staining reagent (Sigma) for 1h then 
destained with 30% methanol/10% acetic acid for 1h. This procedure was 
performed by Dr. J, Newcombe.
27
DNA Extraction: DNA extraction from P. pastoris GS115 His+ Muts Albumin was 
performed using an Epicentre Masterpure Yeast DNA purification kit as per the 
manufacturers’ instructions. DNA was quantified using a Pharmacia Biotech 
GeneQuant Ii Spectrophotometer.
PCR: Primers were designed for part of the AOX2 gene coding region that was 
to be sequenced. The DNA sequence for the AOX2 primers was selected by 
performing blast searches between different AOX2 sequences stored on the 
NCBI website (http://www.ncbi.nlm.nih.gov/) and selecting probes from an area 
that was homologous in those sequences blasted. The sequences used were: 
Forward AOX2 primer: 5'-CTTGGACCACTCCTTGAAAGTTGGTC-3'
Reverse AOX2 primer: 5'-AACACCTGGCAAGTTGACCAAAG-3'
Sequencing AOX2 primer: 5'-GGGTCTACCTTCCAGGTATTTACCC-3'
On the sequence for Y-11430 of AOX2 on the NCBI website the forward primer 
was homologous to a region from base pair numbers 550-575. The reverse 
primer was homologous with a region from 1350-1375. This meant that the 
region of DNA amplified by PCR was 825 base pairs long.
The sequencing AOX2 primer was homologous to a region of the DNA within that 
the forward and reverse primers amplified.
2 . 5  A 0 X 2  G e n e  S e q u e n c i n g
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The PCR mixture was as follows:
Component Amount per reaction (pi)
Bovine Serum Albumin 2
PCR Buffer 10
dNTPs 2
10 pmol/pl forward and reverse 
primers
4
Taq 2
50ng/pl DNA 2
Milli-Q water 78
TOTAL 100
PCR buffer consisted of:
Component Amount per ml (pi)
1M
T ris(hydroxymethyl)aminomethane @ 
pH 8.8
670
1M Ammonium Sulphate 160
1M Magnesium Chloride 67
p-mercapto-ethanol 69
Milli-Q Water 34
TOTAL 1000
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PCR was performed in a MJ Research Peltier thermal cycler-200 conditions used 
were:
Action Temperature
(°C)
Time (min:secs) Performed X 
times
Denature 93 2:00 1
Denature 93 0:30
35Anneal 55 1:00
Ligate 72 1:30
Store 4 oo 00
A 1% agarose gel was produced by dissolving 5g agarose into 500ml 
T ris(hydroxymethyl)aminomethane acetate ethylene-diamine-tetra-acetic 
acid (TAE) by heating. An agarose gel was run in an Embi Tec RunOne 
Electrophoresis Cell to check that the PCR had succeeded (Fig. 2.1)
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Figure 2.1. 1% agarose electrophoresis gel performed using deoxy ribonucleic acid (DNA) from a 
polymerase chain reaction (PCR) performed on a -800 base region of the alcohol oxidase 2 
(AOX2) gene of Pichia pastoris GS115 His+ Muts albumin (Invitrogen). The gel shows that intact 
DNA was produced from the PCRs with bands visible at -800 bases in the sample lanes.
The AOX2 DNA from the PCR was purified using a QIAquick gel extraction kit 
following the QIAquick PCR purification kit protocol using a microcentrifuge.
The cleaned AOX2 DNA was sequenced by a CEQ 2000 XL DNA analysis 
system using a CEQ 2000 Dye Terminator Cycle Sequencing with Quick Start kit.
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Dr. K. Plant carried out the sequencing following the instructions supplied with 
the kit.
2.6 AOX2 and HSA reverse transcriptase Quantitative-PCR
RNA Extraction: RNA extraction from P. pastoris GS115 His+ Muts Albumin was 
performed using an Ambion Ribopure -  Yeast RNA purification kit as per 
manufacturers instructions.
RNA Quantification: RNA was quantified using the Ribogreen RNA
quantification assay as per manufacturers instructions.
RNA Integrity Check: A 1% agarose gel was produced by dissolving 5g agarose 
into 500m! TAE by heating. 1 pg extracted RNA from each sample was run on 
the gel In an Embi Tec RunOne Electrophoresis Cell OR by using the RNA 6000 
Nano Assay on an Agilent 2100 bioanalyser as per manufacturers instructions 
(Fig. 2.2).
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Figure 2.2. 1% agarose electrophoresis gel performed using ribonucleic acid (RNA) extracted 
from Pichia pastoris GS115 His+ Muts albumin (Invitrogen). The gel shows that RNA extraction 
was successful with bands visible in all the sample lanes. The upper band is the larger 28S 
ribosomal RNA (rRNA), the lower band is the smaller 18S rRNA.
Reverse Transcriptase Step: All samples were diluted in RNase free water to 
give a concentration 0.4pg/10pl, as this was the highest concentration achievable 
from one of the samples.
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Two separate pre-reactions were performed on each sample. Each reverse 
transcriptase (RT) pre-reaction contained:
Component Amount per reaction (pi)
0.4pg Pichia pastoris RNA 10
10mM dNTPs 1.5
1/20 dilution of 3pg/A, stock of random 
hexamers
1.5
The random hexamers were prepared by mixing 2.5pl random hexamers with 
47.5pl RNase free water. The reactions were incubated at 65°C for 5 minutes 
and then transferred to ice for a minimum of 2 minutes. This pre-reaction is 
performed to ensure that the RNA is in its single stranded form.
While this incubation was being performed the RT reaction master mixes were 
prepared. Two different master mixes were used RT+, a normal RT reaction mix, 
and RT-, a negative control where the RT is replaced with water.
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The RT mixes contained:
Component Reaction Type
RT+
volume per reaction 
(Ml)
RT-
volume per reaction 
(Ml)
5x First-Strand Buffer 4 4
Dithiothreitol 2 2
RNaseOUT"" 
Recombinant 
Ribonuclease Inhibitor
1 0
SuperscriptIM II 
Reverse Transcriptase
0.25 0
Milli-Q Water 0 1.25
First-Strand Buffer contained: 250mM (pH8.3) tris(hydroxymethyl)aminomethane- 
hydrochloric acid, 375mM potassium chloride and 15mM magnesium chloride.
7.25pl of RT+ master mix was added to one pre-reaction from each sample, 
while 7.25pl of RT- master mix was added the other pre-reaction from each 
sample.
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Both RT+ and RT- reactions were incubated as follows:
Temperature (°C) Time (minutes)
25 10
42 50
70 15
Complementary DNA (cDNA) was produced during this incubation stage.
Quantitative Real Time-PCR: Three different sets of probes and primers were 
used to perform quantitative real time-PCR (QRT-PCR). One set for AOX2 
another set for human serum albumin (HSA) (the product gene in the strain 
tested) and a final set for 18S ribosomal RNA (rRNA). The 18S rRNA acted as a 
baseline to which the levels of expression of both the AOX2 and HSA genes 
were normalised.
The code for the AOX2 forward primer, reverse primer and probe was taken from 
the part of the AOX2 gene that was sequenced. The code for the HSA forward 
primer, reverse primer and probe was taken from the human genome as HSA is 
produced in P. pastoris using the gene from the human genome (accession 
number NM_000477 on the NCBI website). The code for 18S rRNA forward 
primer, reverse primer and probe was taken from the rat genome (accession 
number M11188), as the sequence is common in all organisms.
Codes of the primers and probes were as follows:
5' FAM-TG ACAACCCAAACCTCCCCCG ATT-3'TAM RA
HSA Forward Primer
5'-T G AAT GCTT CTT GCAAC ACAAAG-3'
HSA Reverse Primer
5'-ACATCACAT CAACCT CTGGT CTCA-3’
AOX2 Probe
5' FAM-CAGTCACCAAGTCTTCCAAGTCGTCAACG-3'TAM RA 
AOX2 Forward Primer 
5'-GCCAGT GTT C AGC ACCAT G A-3'
AOX2 Reverse Primer 
5'-GAGAGCAACTGAATCCCAAGGTAT-3'
18S rRNA Probe
5’FAM-TGCTGGCACCAGACTTGCCCTC-3’TAMRA 
18S rRNA Forward Primer 
5’-TGGCTACCACATCCAAGGAA-3’
18S rRNA Reverse Primer 
5’-GCTGGAATTACCGCGGCT-3’
The FAM (6-carboxyfluorescien) and TAMRA (tetramethylrhodamin) sequences 
at the beginning and end of each probe sequences were the respective 
fluorescence and quenching dyes used.
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37
The cDNA generated during the reverse transcriptase step was used along with 
genomic DNA previously extracted as a control. An RT-PCR master mix was 
prepared containing:
Component Volume per sample (pi)
2x TaqMan Mix 12.6
10 pmol/pl primers 1
5 pmol/pl probe 0.5
RNase Free Water 6
The TaqMan Mix contained AmpliTaq Gold polymerase, AmpErase UNG, dNTPs 
with dUTP, ROX (passive reference dye) and optimised buffer components 
(unspecified).
Each set of probes and primers was run on a separate 96 well QRT-PCR plate. 
Each well contained 20pl RT-PCR master mix and 5pl cDNA, genomic DNA or 
RNase free water. A standard curve was run in duplicate on each plate using the 
genomic DNA. On the AOX2 and HSA QRT-PCR plates the standard curve ran 
from 10'1 to 10'6 while on the 18S rRNA plate it ran from 10'2 to 10'6. All plates 
also had at least one well at the end of the standard curve in which RNase free 
water was run as a template free control. The cDNA from the reverse 
transcriptase step was diluted to 10ng for use with the AOX2 and HSA probe and 
primer sets. The 10ng was further diluted to 10pg for use with the 18S rRNA 
probe and primer set. These two different concentrations were used to ensure
that the cDNA samples being tested fell within the region of the genomic DNA 
standard curve.
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C h a p te r  3 . C y c l ic  fe d  b a t c h  cu ltu re  o f  P . p a s to r is  
p r o v id e s  a  n o n -in h ib ito ry  e n v ir o n m e n t  fo r  h e t e r o lo g o u s  
p ro te in  p r o d u c t io n
3.1 Introduction
Cyclic fed batch feeding regimes have been shown to improve the levels of 
secondary metabolite production (Bushell et al, 1997;Lynch and Bushell, 1995). 
As mentioned in Chapter 1 cyclic fed batch culture provides an environment in 
which the substrates are supplied at a constantly decreasing rate thereby 
avoiding inhibition of heterologous protein production by excess glyceroi or 
methanol. This is ideal for use in mixed feeding of P. pastoris as glycerol has 
been shown to inhibit the effect of methanol on P a o x i. Therefore cyclic fed batch 
culture could provide a viable alternative to the common feeding strategy used in 
the production of heterologous protein in P. pastoris.
Cyclic fed batch culture (CFBC) of P. pastoris was performed to assess the 
feasibility of using this growth and production regime instead of the common 
feeding strategy. The term cyclic fed batch culture has also been used by other 
groups to describe cultures with regularly interrupted feeds of the growth limiting 
substrate (Gray and Vu-Trong, 1987) and even algal cultures subjected to 
diurnally fluctuating lighting conditions (Lee and Low, 1993). Cyclic fed batch
culture has also been used for maintaining an empirically-determined optimum 
specific growth rate in recombinant protein production in Yarrowia lipolytica 
cultures (Chang et al., 1998). However, these experiments are designed to 
achieve a quasi steady state (Pirt, 1975) in which the culture growth rate 
matches the dilution rate. Cultures are operated as a series of cycles, during 
each cycle:
• The dilution rate (F|0W Rate/v0iume) is at its maximum point at the start of a
cycle (Dmax), while the volume is at its lowest level (Vmjn).
• Medium flows into the bioreactor at a constant rate increasing the volume
and causing the dilution rate to decrease until it reaches its minimum rate
(Dmin) and maximum volume (Vmax).
As the growth rate matches the dilution rate, growth rate declines throughout a 
cycle. The constantly decreasing dilution rate (and, therefore, nutrient uptake 
rate) during each cycle makes cyclic fed batch culture ideal for the P. pastoris 
expression system (that can be inhibited by both growth substrate and inducer if 
the uptake rates of either are too high). Once a cycle has ended, medium is 
rapidly pumped out of the bioreactor until Vmjn is reached; a new cycle can then 
be started.
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Cyclic fed-batch culture resulted in a product yield (13.0 mgproteinxgbiomass"1) (Fig.
3.1) almost double that attained from the common feeding strategy (6.8 
mgproteinxgbiomass"1) already performed (Fig 3.2, also seen as Fig 1.5 Chapter 1).
3 . 2  C F B C  c o m p a r e d  t o  t h e  c o m m o n  f e e d i n g  s t r a t e g y
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Figure 3.1. Cyclic fed-batch culture of Pichia pastoris GS115 His+ Muf Albumin (Invitrogen) over a 75 hour 
cycle feeding fermentation basal salts medium + 20:10g I"1 (glycerolrmethanol).
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Figure 3.2. The common feeding strategy performed using Pichia pastoris GS115 His+ Muts 
Albumin (Invitrogen). First stage was batch growth on glycerol as sole carbon source (0-24.5 
hours). Second stage was fed batch growth on 350m! 50% w/v glycerol containing 12 ml I 1 
PTM1 trace salts per litre fed over 4 hours (24.5-29 hours). Third stage was fed batch production 
(and growth) on 100% methanol containing 12 ml I'1 PTMi trace salts per litre (29-100 hours). 
This culture was performed at Avecia, Biliingham using a B. Braun Biotech International Biostat 
ED bioreactor with a maximum volume of 15L.
The common feeding strategy consists of three phases: 1 Batch growth on 
glycerol as sole carbon source; 2. Fed batch growth and glycerol derepression 
on glycerol as sole carbon source; 3. Fed batch growth and heterologous protein 
production on methanol as the sole carbon source (for further details see section 
2.3). Phases one and two are designed to produce a high biomass concentration 
with no heterologous protein production (as P a o x i  is not induced due to the 
absence of methanol). Phase two allows glycerol derepression of P a o x i  to occur,
43
thereby preparing the culture for phase three. In phase three methanol induces 
P a o x i  and thereby heterologous protein production. Slow growth also occurs in 
phase three as P a o x 2 is induced by methanol and AOX production occurs, 
allowing methanol metabolism to occur.
The characteristics of the common feeding strategy culture were consistent with 
the reported observations, except for the production of extracellular protein 
during the glycerol batch and fed batch stages (Fig 3.2). As Bradfords’ method 
was used to assay for protein it was not clear if heterologous protein or other 
proteins were produced and excreted into the medium. Bradfords’ method was 
used for excreted protein measurement as it has been shown that P. pastoris 
excretes very low levels of native protein (Pichia expression kit (manual), 
Invitrogen Ltd.) and therefore excreted product protein makes up the largest 
proportion of the protein within the medium so much so that excretion serves as 
the first step in the purification of the protein (Barr et al, 1992). One possible 
explanation is that there was some constitutive expression of P a o x i  although this 
seems unlikely as P. pastoris is employed for heterologous protein production 
due to the tightly regulated AOX1 promoter it possesses (no heterologous protein 
production should occur unless methanol is present) (Brierley et al., 1990). A 
more probable explanation is due to the high biomass concentrations reached 
during the glycerol batch and fed batch phases there was an increase in the 
concentration of constitutively expressed extracellular protein (Cregg et al., 
1993).
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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of 
supernatant from the common feeding strategy was performed (Fig 3.3). It 
showed that the majority of the protein produced using the common feeding 
strategy was that of the HSA product (-7 0  KDa in size). However, a notable 
amount of low molecular weight proteins were visible at the end of the gel that 
could be those detected during the glycerol batch and fed-batch stages.
Figure 3.3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis illustrating band pattern of 
protein produced using the common feeding strategy (20pl loading) and chemostat (1=10pl 
loading; 2=20pl loading) processes. Chemostat cultures were performed using FBSM containing 
20gl'1 glycerol and 3gl"1 methanol.
HSA control 
BSA control
Common feeding strategy 
Chemostat 1
Chemostat 2
Molecular weight markers
A 70 KDa
Due to the higher product yield (13.0 mgproteinxgbiomass"1) attained from CFBC 
compared to the common feeding strategy (6.8 mgproteinxgbiomass“1) it might be 
expected that CFBC would be superior to the common feeding strategy for 
industrial scale production of heterologous protein. However, there are benefits 
and drawbacks to each system that will now be discussed.
In CFBC the use of a single combined glycerol/methanol feed is simpler than the 
multi-phase stepped feeding of the common feeding strategy. As methanol is 
constantly fed during CFBC it helps the culture to remain axenic as most 
microorganisms are unable to tolerate even low concentrations of methanol. The 
common feeding strategy is more susceptible to contamination due to the feeding 
of glycerol alone during the beginning stages of the process.
One of the drawbacks of CFBC is that, although the specific protein production 
rate is superior to the common feeding strategy, the absolute protein 
concentration within the culture medium at the end of each cycle is lower than 
that attained from the common feeding strategy (-150 mgl'1 and -300 mgl"1 for 
CFBC and common feeding strategy respectively). The lower product 
concentration within the culture medium could make downstream processing of 
CFBC processes more difficult than from the common feeding strategy. Also due 
to the nature of CFBC the culture is harvested several times with each harvest 
requiring processing, the common feeding strategy is harvested once and is 
therefore only processed once.
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The P. pastoris strain used here had the expression cassette integrated into the 
P. pastoris genome meaning that there were no issues of plasmid stability. 
However, the use of plasmid based expression systems in CFBC could be 
problematic due to the possible loss of plasmid stability over a number of cycles.
During CFBC the dilution rate decreased throughout the cycle and so too did the 
growth rate (as growth rate is controlled by dilution rate). The increase from Vmjn 
to Vmax meant at the start of the cycle the amount of glycerol/methanol available 
within the bioreactor was greater at the start of the cycle than at the end; 
although residual amounts of both glycerol and methanol were negligible 
throughout the cycle (data not shown).
The rates of consumption (glycerol and methanol) and production (protein and 
biomass) all decreased throughout the cycle. The decrease in rates and specific 
rates mimicked the curved decrease of dilution rate (Figure 3.4 A-E). As dilution 
rate was controlling growth rate, rates (and specific rates) of consumption and 
production followed growth rate in cyclic fed batch culture. This was due to the 
state of constant decline in dilution rate throughout the cycle meaning that both 
the glycerol and methanol were constantly being fed in limiting amounts. Due to 
this there was no inhibition of the protein production rate even at the highest 
dilution rate; probably due to no repression of P a o x i  from excess glycerol.
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Figure 3.4. Dilution, Uptake and production rates during a cyclic fed batch culture (75 hour cycle time) of 
Pichia pastoris GS115 His* Muts Albumin (Invitrogen) using fermentation basal salts medium + 20:10g I'1 
(glycerokmethanol). Displaying: A. Dilution Rate, B. Glycerol Uptake Rate, C. Methanol Uptake Rate, D. 
Biomass Production Rate, E. Protein Production Rate.
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The cyclic fed batch culture performed here completed and was an integral part 
of previous work by this group. The data from this work meant that a comparison 
could be made between specific protein yield and specific methanol utilisation 
rate at different cycle times (Figure 3.5).
3 . 3  E f f e c t  o f  C F B C  c y c l e  t i m e s
Cycle time (h)
■ Specific protein yield 
— Specific methanol utilisation rate
Figure 3.5. Production of Human Serum Albumin by Pichia pastoris GS115 His+ Mut8 Albumin (Invitrogen) 
in Cyclic fed batch culture over various cycle times (12, 18, 25, 36, 48 and 75 hours) using fermentation 
basal salts medium containing 20:10g i‘1 (giycerol:methanol).
The maximum specific methanol consumption rate for Muts P. pastoris strains is 
0.018 gmethanoixgbiomass‘1xh"1 (d'Anjou and Daugulis, 2000). The specific methanol 
supply rate at 36 hours was 0.019 gmethanoixgbiomass"1xh'1 thus at 36 hours cycle 
time the methanol was being fed at a rate equivalent to the rate of its 
consumption (Table 3.1). This accounts for the decrease in specific protein yield 
and specific methanol utilisation rate at cycle times greater or smaller than 36 
hours. At cycle times greater than 36 hours (decreased medium feed rate) 
dilution rate was too low so there was not enough methanol supplied for 
maximum specific consumption rate (and therefore maximum specific protein 
yield) to be reached. At cycle times smaller than 36 hours (increased medium 
feed rate) dilution rate was too high so that methanol was in excess, this had the 
effect of decreasing the specific methanol utilisation rate (and therefore the 
specific protein yield). The decreases were not caused by the cytotoxic effect of 
methanol on the P. pastoris cells as there was no effect on the amount of viable 
cells from cycles shorter than 36 hours.
Possible explanations are: 1. The protein production rate remained the same in 
excess methanol but the increase in dilution rate meant that the concentration.of 
protein was lower due to its dilution, 2. The increase in dilution rate caused an 
increase in the available glycerol within the bioreactor thereby causing inhibition 
of the AOX1 promoter and protein production.
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CFBC cycle time (h) Specific methanol supply rate
(QmethanolXgbiomass Xh )
12 0.052
18 0.030
24 0.028
36 0.019
48 0.011
75 0.007
specific methanol 
uptake rate 
(d’Anjou & Daugulis, 
1999) 0.018
Table 3.1 Specific methanol supply rate to cyclic fed batch cultures operated over a range of
cycle times
Re-plotting the data revealed that there was a linear relationship between 
specific protein yield and specific methanol utilisation rate (Fig. 3.6).
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Figure 3.6. Linear relationship between protein yield and specific methanol utilisation in cyclic fed 
batch culture using Pichia pastoris GS115 His+ Muts Albumin (Invitrogen) over a range of cycle 
times in basal salts medium containing 20gl'1 glycerol and 10gl‘1 methanol.
3.4 Effect of methanol concentration
Increasing the concentration of methanol in the medium had no significant effect 
on protein yield in CFBC (fig 3.7) consistent with the AOX1 promoter being fully 
induced at 10gl'1. Despite the biomass yield decreasing with increasing methanol 
concentration (fig 3.7) the viable count and the biomass concentration (not 
shown) increased with increasing methanol concentration, consistent with the 
assertion that the methanol concentrations studied were not toxic to the strain.
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viability (circles) In cyclic fed batch culture over a range of methanol concentrations in medium
containing 20gl'1 glycerol with a 36h cycle time.
3.5 Effect of glycerol concentration
Chemostat cultures were set up in order to isolate the effect of glycerol (the 
growth limiting substrate) concentration from any effect on growth rate. Biomass 
concentration increased between 10 and, 20gl'1 glycerol but not between, 20 and 
40gl’1 glycerol (fig 3.8). Excess glycerol accumulated at 40gl'1, consistent with 
the glycerol growth inhibition reported elsewhere (Chauhan et al., 1999). 
However, the specific protein yield and the culture protein concentration both 
increased as a function of glycerol concentration. A possible explanation is that 
osmolarity increased due to accumulated glycerol and the effect of this on the 
cell membrane was to increase the rate of extracellular protein export.
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Figure 3.8. Effect of glycerol concentration on biomass (circles); protein (squares) and excess 
glycerol (triangles) concentrations and protein yield (wedges) in chemostat culture using a 
combined glycerol and methanol (3gl'1) feed (D=0.03h‘i ).
3.6 Effect of dissolved oxygen concentration
All CFBC experiments were carried out under oxygen-sufficient conditions 
(avoidance of oxygen limitation being one of the features of CFBC). Batch culture 
(data not shown) indicated that unrestricted growth on glycerol resulted in a rapid 
exhaustion of oxygen. In order to examine the effect of oxygen concentration on 
the process, chemostat cultures were set up at a range of oxygen 
concentrations. Protein production appeared negligible at 15% oxygen (fig 3.9). 
The progressive decrease in protein yield with dissolved oxygen concentration 
concurs with other findings (Cereghino and Cregg, 2000). Alcohol oxidase 
requires one mole of oxygen for each methanol molecule assimilated. However, 
the possible effect of this on recombinant protein production is difficult to 
conceive. The constant Respiratory quotient (RQ) value suggests that the
decrease in yield is not effected by a change in respiratory metabolism. It is 
possible that the AOX1 promoter is affected by the prevailing dissolved oxygen 
concentration. A parallel precedent exists in Saccharomyces cultures with 
ethanol as sole carbon source in which the synthesis of aldehyde dehydrogenase 
(the ethanol oxidizing enzyme) is absent in oxygen-limited conditions (Kometani 
etal., 1998).
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Figure 3.9. Effect of dissolved oxygen concentration in chemostat culture using a combined 
glycerol (20gl‘1) and methanol (3gl'1) feed (D=0.167h*1) on respiratory quotient (triangles) biomass 
concentration (circles) and protein yield (wedges).
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Cyclic fed batch culture showed there is a linear relationship between specific 
protein yield and specific methanol utilisation rate. The constantly decreasing 
dilution rate meant that inhibition of P a o x i  from residual glycerol did not occur. 
The highest specific methanol utilisation rate (and therefore specific protein yield) 
Was at 0.019 gmethano|XgbiomassXh that is Close to 0.018 gmethanolXgbiomassXh 1 the 
specific methanol consumption rate for P. pastoris Muit® strains (d'Anjou and 
Daugulis, 2000). Increases or decreases in the cycle time from 36 hours resulted 
in a decline in specific protein production rate probably due to sub optimal and 
residual substrate concentration respectively. This characteristic will ultimately 
limit a potential increase in product if the AOX1 gene dosage were to be 
increased (Romanos, 1995).
CFBC produced almost double the specific protein yield of the common feeding 
strategy (13.0 m gproteinxgbiomass"1 compared to 6.8 m gproteinxgbiomass_1 respectively). 
However, the cyclical nature of the process could lead to problems with plasmid 
stability over a number of cycles. The need to process several lots of harvested 
culture (at the end of each cycle) of a lower absolute concentration than from the 
common feeding strategy is also a drawback of CFBC. These factors may make 
CFBC unattractive for use in industrial scale production of heterologous protein.
3 . 7  C o n c l u s i o n s
The oxygen concentration influences recombinant protein yield at oxygen 
concentrations that do not limit biomass formation or affect respiratory quotient 
(in chemostat culture). This may reflect a specific oxygen requirement for protein 
biosynthesis or an influence of oxygen availability on the AOX1 promoter. 
Investigations using a range of recombinant products would help to resolve the 
former hypothesis. This finding underlines the practical utility of CFBC, which 
imposes a decreasing oxygen requirement as the culture volume (and 
gravimetric biomass content) increases, due to the constantly decreasing growth 
rate in the system. With most alternative forms of fermentation process design, 
the oxygen demand increases with culture volume and biomass concentration.
Glycerol appeared to be a growth inhibitory substrate but increasing its 
availabiiity increased the rate of extracellular protein accumulation. This was 
believed to be due to increased permeability of the cell membrane being caused 
by the increase in residual glycerol.
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C h a p te r  4 . O x y g e n  lim ita tion  a f fe c t s  p ro te in  p r o d u c t io n  
in P. p a sto ris
4.1 Introduction
It has been well documented that oxygen limitation adversely affects protein 
product formation in P. pastoris (Chung, 2000;Ciare and Romanos, 1995;Curvers 
et al, 2001 ;Lee et al, 2003;0hashi et al, 1999;Romanos, 1995;Villatte et al, 
2001).
Different methods have been used in attempts to overcome oxygen limitation. In 
most industrial cultures a pure oxygen feed in the inlet air assists agitation from 
the impellor. However, work has been done that shows control systems that 
relate the substrate feed rate to dissolved oxygen within the culture can lead to 
improved product yields over simple oxygen supplementation. This type of 
control system is referred to as a dissolved oxygen stat (DO-stat). Lee et al. 
(2003) showed that derepression and induction efficiency could be improved if 
the DO-stat was set with tight control of methanol/glycerol feeding rates so as to 
maintain a high dissolved oxygen tension within the culture. DO-stat work 
performed by Lim et al. (2003) in production of rGuamerin where the ratio of 
partial pressure of pure oxygen in the inlet air stream and the methanol feed rate 
were automatically manipulated to pre-defined levels. Certain ratios resulted in
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improved rGuamerin yields as problems of oxygen limitation and methanol 
toxicity did not occur.
Other ideas to solve the problem of oxygen limitation have included alteration of 
the bioreactor itself. Jenzsch et al. (2004) replaced the standard Rushton 
Turbines with two hollow blade impellors and above them one Lightnin hydrofoil 
impellor (which moved culture downwards). These simple changes negated the 
need for supplementary oxygen feeding and allowed for higher specific growth 
rates, product titres and productivity gains of more than 10%.
Interestingly some work has shown that oxygen limitation does not have an effect 
upon product yield. Trentmann et al. (2004) produced a single chain antibody 
fragment using P. pastoris. The culture was enriched with pure oxygen to stop 
oxygen limitation, this in turn caused an increase in methanol consumption that 
led to the culture becoming sensitive to fluctuations in the methanol federate. 
The effect of the sensitivity was to cause a complete arrest of metabolism and 
thereby reduced the active production period. Therefore in this case reduced 
oxygen supply actually increased product yield and process stability (as long as 
methanol was supplied in a sufficient quantity to satisfy demand).
However, there is still only a rudimentary understanding of the properties of the 
alcohol oxidase 1 promoter ( P a o x i )  controlling heterologous protein production 
(Brierley et al, 1990), with most information regarding the mechanism of P a o x i
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control being empirical (Lim et al, 2003). When this project was initiated, it was 
deemed possible that there was a direct transcriptional effect upon the P a o x i  by 
oxygen availability or that P a o x i  could be stimulated regardless of oxygen 
availability and the repressive effect is physiological. Therefore, an investigation 
of the effect of oxygen limitation on physiological and transcriptional control 
mechanisms of P a o x i  was undertaken in order to explain the causes of inhibition 
of protein production.
A series of chemostat cultures were performed in which the oxygen flow rate was 
at limiting levels. 0.1, 0.5 and 0.75 LajrxLcu!ture1xh‘1 were used as limiting airflow 
rates while 1.0 and 2.0 LairxLCuiture"1xh~1 were used as they had been shown to be 
non-limiting in previous work. It was found that oxygen appears to have control 
of P a o x i  and P a o x 2 and thereby HSA and AOX production at a transcriptional 
level. However, quantitative real time-polymerase chain reaction (QRT-PCR) 
showed control of HSA production (above 1 LairxLCuiture_1xh'1) to be at a level 
beyond transcription in the cascade of protein production control and metabolic 
flux analysis appeared to show that the flux distribution of metabolites had an 
effect on HSA and biomass production,
4.2 Factors Affecting Specific Protein Production Rate
Specific protein production rate increased with an increase in airflow rate up to 1 
LairxLCUiture"1xh'1 (Fig. 4.1). This demonstrated the inhibitory effect of oxygen
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limitation on heterologous protein production (Jenzsch et al, 2004; Lee et al, 
2003;Lim et al, 2003). This concurs with cyclic fed-batch work performed by this 
group (Busheil et al, 2003). However, at 2 LairxLCuiture"1xh"1 (when oxygen should 
be in excess) there was a massive decrease in the specific protein production 
rate. HSA production repression factors that could have caused this pattern are: 
a decrease in oxygen uptake rate (OUR) affecting the ability of P. pastoris to 
utilise methanol, a decrease in cell viability, HSA mRNA under or over­
expression and/or a negative effect on the flux of metabolites towards HSA under 
highly oxygen saturated conditions. These experiments allowed the potential 
effect of HSA production repression factors to be investigated.
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Figure 4.1. Specific protein production rate of Pichia pastoris GS115 His+ Muts Albumin 
(Invitrogen) in chemostat culture using fermentation basal salts medium (for formulation see page 
23) containing 20 gl'1 glycerol and 3gl'1 methanol at the airflow rates shown.
Both biomass and cell viability increased with the increase in airflow rate (Fig.
4.2). This was probably due to the increased ability of P.pastoris to utilise 
methanol with increased airflow, as shown by Lim et al. (2002) when maintaining 
culture integrity and heterologous protein production by sustaining a higher 
dissolved oxygen tension. The proportion of viable cells to biomass remained 
the same irrespective of airflow rate. Therefore it was unlikely cell viability was 
the cause of the drop in specific protein production rate above 1 LairxLCU!ture"1xh‘1.
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Figure 4.2. Biomass concentration and viable counts of Pichia pastoris GS115 His+ Muts Albumin 
(Invitrogen) in chemostat culture using fermentation basal salts medium (for formulation see page 
23) containing 20 gf1 glycerol and 3gl'1 methanol at the airflow rates shown.
However, while biomass concentration increased, oxygen uptake rate (OUR) 
decreased in a pattern similar to specific protein production rate (Fig. 4.3).
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Figure 4.3. Oxygen uptake rate and biomass concentration of Pichia pastoris GS115 His* Muts 
Albumin (Invitrogen) in chemostat culture using fermentation basal salts medium (for formulation 
see page 23) containing 20 gi'1 glycerol and 3gl'1 methanol at the airflow rates shown.
Biomass yield on glycerol, the primary carbon source, increased with airflow rate 
(Fig. 4.4), consistent with the cultures being oxygen limited. This might be 
expected as previous work has shown that nutrient uptake rate and OUR are 
closely related (Konstantinov et al, 1990;Lim et al, 2003). It appears that 
maximum biomass yield on glycerol would occur a little above an airflow rate of
2.5 LajrxLcuiture‘1xh“1, at this airflow rate the system would be saturated with 
oxygen. The sharpest increase in biomass yield on glycerol occurred between 1
and 2 L-airxLculture xh .
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Airflow rate (LairxLcullure 1xh"j
Figure 4.4. The relationship between airflow rate and biomass yield on glycerol from chemostat culture of 
Pichia pastoris GS115 His+ Muts Albumin (Invitrogen) using fermentation basal salts medium (for formulation 
see page 23) containing 20 gl'1 glycerol and 3gl"1 methanol at the airflow rates shown. A 4 parameter 
equation was used to calculate the sigmoidal curve as this gave the best fit for the data points and accounts 
for saturation that may occur at higher airflow rates.
There was a close relationship between specific protein production rate and OUR 
(Fig. 4.5). The sharpest increase in OUR was between 0.8 and 1.0 
mMoIOXygenXgbiomass‘1xh'1. An increase in OUR above 2.0 mMolOXygenXgbiomass"1xh'1
would have little effect upon specific protein production rate as the cell appears
to be saturated with oxygen at this OUR. It is possible to speculate that if the 
ratio of glycerol:methanol fed was altered the specific protein production rate 
would increase if the amount of glycerol fed has decreased. However, the shape 
of the curve would remain the same.
64
OUR (rnMol0xygenxgbi0mass xh )
Figure 4.5. The relationship between oxygen uptake rate and specific protein production rate from 
chemostat culture of Pichia pastoris GS115 His+ Mut8 Albumin (Invitrogen) using fermentation basal salts 
medium containing (for formulation see page 23) 20 gl'1 glycerol and 3gl'1 methanol at the airflow rates 
shown. A modified equation was used to calculate the hyperbolic curve as this gave the best fit for the data 
points.
The specific methanol uptake rate increased with an increase in airflow rate (Fig
4.6). This increase can be accounted for, as oxygen is required by AOX if
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methanol consumption is to occur (as shown in the investigation of the properties 
of AOX by Couderc and Baratti (1980)).
The specific glycerol uptake rate decreased with an increase in airflow rate (Fig
4.6). However, the actual amount of glycerol utilised remained nearly the same 
at all airflow rates, probably indicating the increase in biomass was caused by an 
increase in specific methanol uptake rate causing the observed decrease in 
specific glycerol uptake rate.
Airflow (LaIrxLculture"1xh‘1)
 • -----  Specific glycerol uptake rate
 ■  —  Specific methanol uptake rate
Figure 4.6. Specific methanol and specific glycerol uptake rates of P ich ia  p as to ris  GS115 His* 
Muts Albumin (Invitrogen) in chemostat culture using fermentation basal salts medium (for 
formulation see page 23) containing 20 g!'1 glycerol and 3gl*1 methanol at the airflow rates shown.
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It appears that neither the specific glycerol nor specific methanol uptake rates 
could account for the pattern observed in specific protein production. However, 
an increase in airflow (and therefore oxygen) would enable the cells to consume 
more methanol, as shown by (Couderc, R. and Baratti, J., 1980)), possibly linked 
to the requirement of more oxygen to oxidise the highly reduced methanol (i.e. 
methanol has a larger number of available electrons per mole compared to 
glycerol).
4.3 Quantitative-Polymerase Chain Reaction
Both HSA mRNA and AOX2 mRNA were measured and normalised to 18S 
ribosomal RNA as an internal control. The internal control was taken to be the 
base level of mRNA production within the cell to which the mRNA from the genes 
being studied was compared. Here, when referring to HSA or AOX2 mRNA 
concentration, it is always relative to 18S rRNA concentration. HSA mRNA 
increased with an increase in airflow rate (Fig. 4.7). There was no increase in 
methanol concentration to stimulate P a o x i  so  this probably indicates that oxygen 
itself has a stimulatory effect on P a o x i■ However, the increase in HSA mRNA 
was not translated into protein product. Up to 1 LairxLCuiture'1xh"1 protein 
production increased similarly to HSA mRNA; above 1 LajrxLcuiture 1xh“1 there was 
a large decrease in specific protein production rate. This probably indicates that 
above 1 LairxLcUiture"1xh"1 HSA production is controlled by some factor other than 
transcription. It was assumed at this point in the study that the most likely factor
affecting HSA production was the distribution of HSA constituent metabolites 
throughout the cell, as the mRNA was there ready to be utilised for HSA 
production but equivalent rates of production did not occur. Metabolic flux 
analysis of P. pastoris is discussed in section 4.4 in which this hypothesis is 
investigated.
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Airflow (LairxLculture-1xh-1)
 • —  Specific protein production rate
 ■  —  HSA mRNA relative to 18S rRNA
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Figure 4.7. Specific protein production rate and human serum albumin mRNA (relative to 18S 
ribosomal RNA) of P ich ia  p asto ris  GS115 His* M u f Albumin (Invitrogen) in chemostat culture 
using fermentation basal salts medium (for formulation see page 23) containing 20 gl'1 glycerol 
and 3gl'1 methanol at the airflow rates shown.
As stated by Cregg et a/. (1993) an increase in P. pastoris biomass leads to an 
increase in proteases that could degrade HSA. However, the maximum
concentration of biomass achieved here was ~23gl’1 significantly lower than 
biomass concentrations seen in industrial processes (biomass concentration 
~130gl‘1 (Cereghino and Cregg, 2000)) making the production of proteases at a 
potentially degradative concentration unlikely under these conditions.
It could be that there is no relationship between HSA mRNA and protein levels as 
previous work with Saccharomyces cerevisiae has shown that there was 
insufficient correlation between the quantity of mRNA and the concentration of 
expressed protein to predict one from the other (Gygi et al, 1999). It has also 
been shown that in P. pastoris an optimal rather than a maximal copy number 
of a heterologous gene gives the highest heterologous protein production. It was 
shown by Sreekrishna et al. (1990) that a single copy of the HSA gene was 
enough to give optimal HSA production. Normally increasing the product gene 
copy number will cause an increase in protein product as in work with mouse 
epidermal growth factor in P. pastoris by Clare et al. (1991). However, there are 
rare circumstances in which an increase in copy number can cause a decrease 
in heterologous protein production as shown by Thill et al. (1990). Another 
possibility is that at 2 LairxLCuiture"1xh"1 the cells are under such high oxidative 
stress that protein production rate was affected. This is similar to the results 
seen by Trentmann et al. (2004) in which reduced oxygen supply led to improved 
product yield and process stability.
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A0X2 mRNA increased with an increase in airflow rate (Fig 4.8). There was a 
concomitant increase in the amount of biomass produced by P.pastoris. This 
probably indicates that the control of AOX production is at the transcriptional 
level. As both biomass and AOX2 mRNA increase concurrently it is likely that 
the AOX2 mRNA was translated into AOX protein and this caused an increase in 
methanol metabolism and therefore biomass production.
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Airflow rate (LairxLculture-1xh'1)
— ■  —  AOX2 mRNA relative to 18S rRNA 
— • —  Biomass
Figure 4.8. Biomass and Alcohol oxidase 2 mRNA (relative to 18S ribosomal RNA) of P ich ia  
p as to ris  GS115 His+ Muts Albumin (Invitrogen) in chemostat culture using fermentation basal 
salts medium (for formulation see page 23) containing 20 g l1 glycerol and 3gl'1 methanol at the 
airflow rates shown.
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A metabolic network of P. pastoris was produced to allow analysis of metabolic 
flux through P. pastoris. Central metabolic reactions were taken from several 
literature sources (detailed below) relating to metabolism of Pichia. The amino 
acid synthesis reactions were from the Saccharomyces genome database as 
previous work by Sola et al. (2004) showed that amino acid synthesis reactions 
are the same in S. cerevisiae and P. pastoris. The matrix was constructed using 
the program FluxAnalyzer (Steffen Klamt, Max Planck Institute, Magdeburg, 
Germany).
The matrix consisted of 85 reactions. The reactions for glycolysis, the 
tricarboxylic acid (TCA) cycle and the pentose phosphate pathway (PPP) were 
sourced from a paper by Flores et al, 2000 (Figure 4.9). The methanol uptake 
reactions were sourced from a paper by Sakai et al. 1999 (Figure 4.9). Amino 
acid synthesis reactions were sourced from the pathways section of the 
Saccharomyces genome database (http://pathwav.veastaenome.orq/biocvcfi. 
Macromolecule synthesis reactions were derived from information about 
macromolecuiar composition of microbial cells (Neidhardt, etal. 1990). Oxidative 
phosphorylation reactions were sourced from a biochemistry text (Stryer, 2000). 
For a complete list of all reactions within the matrix see Appendix 1.
4 .4  M e t a b o l i c  F lu x  a n a l y s i s  o f  Pichia p a storis
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CHjOH
Figure 4.9. The main metabolic pathways within the 85 reaction matrix of Pichia pastoris. For 
simplicity macromolecule and amino acid production reactions are not shown.
The P. pastoris methanol dissimilation pathway (Fig. 4.10) facilitates removal of 
excess methanol from the cell. Methanol was in excess in all experimental
conditions studied here. Flowever, the methanol dissimilation pathway could not
be included in the matrix as from the observed data it was not possible to 
determine if the pathway was being used. Also, most of the methanol being 
utilised by the cells would enter the main metabolic pathways for energy and 
biomass generation to occur.
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Figure 4.10. The methanol dissimilation pathway of Pichia pastoris. This pathway was not 
included in the P. pastoris metabolic matrix as most methanol entering the cell would enter 
central metabolism to allow energy and biomass generation to occur.
Attempts were made to include the reactions of the glyoxylate shunt (figure 4.11). 
However, the similarity of some reactions of the TCA cycle with those of the 
glyoxylate shunt made the system unsolvabie. Therefore the glyoxylate shunt 
had to be omitted from the matrix. This was not a problem as the glyoxylate 
shunt is normally active only when growth on two carbon compounds occurs or 
when carbon is metabolized to acetyl CoA. As neither glycerol nor methanol are 
two carbon compounds and there was no acetyl CoA build up within the system 
the omission of the glyoxylate shunt was not considered to be a problem.
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Figure 4.11. The glyoxylate shunt and tricarboxylic acid (TCA) cycle. The glyoxylate shunt had 
to be omitted from the matrix of Pichia pastoris as it made the matrix unsolvable. However, under 
the conditions studied it was probably physiologically irrelevant.
Observed data that could be input into the matrix were: glycerol uptake rate, 
methanol uptake rate, oxygen uptake rate, carbon dioxide production rate, 
growth rate and macromolecules making up biomass (carbohydrate, lipid, 
protein, DNA and RNA).
4.5 Carbon Balancing of flux data
All data to be input into the matrix were converted into carbon moles compound 
per carbon moles glycerol consumed. This meant that it was possible to perform 
a carbon balance to check that all the carbon observed entering the cell was
leaving the ceil as one of the variables measured (biomass, carbon dioxide or 
HSA). The equation used to perform the carbon balance is shown in figure 4.12.
yglycerol J2methanol _  Ybiomass | YCQ2 | YHSA 
y  glycerol V  glycerol J  glycerol ✓ glycerol ✓ glycerol
Figure 4.12. The equation used to perform the carbon balance of observed data from oxygen 
and ratio feed chemostat experiments with P ic h ia  pastoris .
The carbon balance showed that there was approximately 20% of the carbon 
observed entering the cell missing from the carbon observed producing biomass 
or leaving the cell (in other words it was not recovered). This may imply that 
some compound excreted by the cell was not accounted for. However, it is 
unlikely that such a large proportion of the total carbon would be excreted as a 
by-product (Cregg et al, 2000;Sreekrishna ef al, 1997). Furthermore, the 
proportion of carbon lost’ was the same for both the oxygen limitation and ratio 
feed experiments, which might mean that there was a systematic error in one of 
the measured compounds. The methods for biomass, protein and substrate 
quantification were extremely reliable. Therefore, as the out gas sensor was very 
easily affected by changes in temperature and pressure; it was assumed that the 
measurement of the composition of the exhaust gases caused the largest error. 
This was confirmed by performing a sensitivity analysis and gross measurement 
error of the system.
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With this taken into account the carbon balances were recalculated, by assuming 
carbon dioxide accounted for the missing carbon. The recalculated amount of 
carbon dioxide was the data that was input into the matrix in ail metabolic fluxes 
calculated.
4.6 Constraints upon the matrix
Constraints are conditions imposed on the metabolic network that should reflect 
the physiology, metabolism or genetics of the cell. These conditions are imposed 
on the matrix to account for the actual cellular state and allow the matrix to be 
solved, i.e. gives the flux distribution for these conditions. The main constraint 
imposed on the system is described below.
The main constraint imposed was that no negative fluxes were permitted in either 
the TCA cycle or PPP. This was achieved as within the matrix the reaction 
dihydroxy acetone phosphate to glyceraldehyde-3-phosphate (the reaction DHAP 
to GAP in Figure 6.1) represents a branch point of carbon entering the cell. From 
the biochemical point of view, the ratio controls the amount of flux entering the 
TCA cycle or the PPP. As there is no possibility of calculating externally how the 
metabolic fluxes split at this point (i.e. without the input of a value at this point a 
large portion of the matrix became unsolvable). Therefore, it was necessary to 
impose a constraint that allowed the system to be solved. In the absence of 
observed data for this value, the flux split ratio was set as the highest percentage
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of total carbon entering the cell (glycerol and methanol combined) that gave 
positive values in both the PPP and the TCA cycle.
The introduction of this constraint allowed the system to calculate a full set of flux 
distributions.
4.7 Flux correlation to HSA excretion
Once observed data was input and the matrix solved the flux distribution of all the 
reactions within the network were revealed. As one of the main aims of this 
project was to investigate the factors controlling gene expression under control of 
Paoxi each set of flux distribution data was correlated in turn to the HSA 
excretion data (as HSA was under control of Paoxi), and a correlation coefficient 
calculated in each case.
Correlation was calculated using the formula shown in figure 4.13. Correlation 
data are scored from p=1.0, perfect positive correlation, to p=-1.0, perfect 
negative correlation. In this case a score of p=1.0 means that a reaction has a 
highly positive effect on HSA excretion, a score of p=-1.0 means that a reaction 
has a highly negative effect on HSA excretion.
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^ = 0 0  W )
a  X . < J y
where
eTx = j j H ( X i - f ix ) 2
and
Figure 4.13. The equation used to perform correlation analysis of P ich ia  p as to ris  oxygen and 
ratio feed experiment flux data.
Correlation of flux data to HSA excretion reactions showed that highly positively 
correlated (p=0.95 to p=1.0 correlation) reactions were those that produced or 
were related to production of the amino acids that form HSA (Table 4.1). Other 
reactions that were positively correlated to HSA excretion were oxygen uptake, 
due presumably from allowing more methanol utilization to occur using AOX from 
A0X2. Methanol uptake was also positively correlated to HSA excretion, 
probably due to the stimulatory effect of methanol on Paoxi-
Reactions of the tricarboxylic acid (TCA) cycle, glycerol uptake and HSA 
constituent amino acid synthesis were highly negatively correlated (p=-0.95 to 
p=-1.0 correlation) to HSA excretion (Table 4.2). Several reactions that form part 
of the TCA cycle were negatively correlated to HSA excretion. This suggests a 
negative effect on HSA excretion if there is an increase in metabolic flux towards 
the TCA cycle. This may indicate that an increase in flux towards the pentose
phosphate pathway (PPP) may have a positive effect on HSA excretion (this 
hypothesis is further investigated in Chapters 5, 6 and 7). Some of the reactions 
of glycerol uptake and metabolism were negatively correlated to HSA excretion, 
probably due to the inhibitory effect of glycerol on Paoxi and therefore HSA 
synthesis and excretion. There were a number of amino acid synthesis reactions 
that were negatively correlated to HSA excretion. This unexpected result can be 
explained. The HSA constituent amino acid synthesis reactions that are highly 
negatively correlated to HSA excretion, were running in a direction away from 
HSA, thereby feeding into biomass and energy producing reactions within the 
cell.
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Reaction Equation
HSA synthesis 35 PHE + 28 SER + 7 MET + 17 ASN + 63 ALA + 
9 ILE + 29 THR + 16 HIS + 64 LEU + 62 GLU +
36 ASP + 13 GLY + 43 VAL + 19 TYR + 35 CYS 
+ 20 GLN + 2 TRP + 27 ARG + 60 LYS + 24 PRO 
= 1 HSA
Tryptophan synthesis 1 1 SER + 1 PRPP + 1 GLN + 1 CHOR *  1 GLU + 
1 C02 + 1 GA3P + 1 TRP + 1 PYR
Oxygen Uptake = 1 02
Histidine synthesis 1 1 ATP + 1 PRPP + 1 GLN = 2 NADH + 1 AKG + 1 
HIS
Methionine synthesis 3 1 HSER + 1 AcCoA = 1 MET
Isoleucine synthesis 1 1 THR + 1 GLU + 1 PYR + 1 NADPH = 1 ILE + 1 
AKG + 1 NH3 + 1 C02
Ribulose-5-phosphate to PRPP 1 ATP + 1 Ri5P = 1 PRPP
Asparagine synthesis 1 1 ATP + 1 ASP + 1 GLN = 1 ASN + 1 GLU
Proline synthesis 1 1 ATP + 1 GLU = 1 PRO
Tyrosine synthesis 3 1 GLU + 1 PREP = 1 AKG + 1 TYR + 1 0 0 2  + 1 
NADPH
Valine+Leucine synthesis 1 2 PYR + 1 NADPH = 1 2KI + 1 C02
Alanine synthesis 1 1 GLU + 1 PYR = 1 ALA+ 1 AKG
Ammonia uptake = 1 NH3
Glutamate synthesis 1 1 AKG + 1 NH3 + 1 NADPH = 1 GLU
Arginine synthesis 1 2 ATP + 1 AcCoA + 3 GLU + 1 ASP + 1 NADPH = 
1 FUM + 1 AKG + 1 ARG
Serine synthesis 6 1 GLU + 1 3PG -  1 SER + 1 NADH + 1 AKG
Glycine synthesis 1 1 SER = 1 GLY + 1 METHF
Tryptophan+Phenylalanine+Tyrosine+Glycine 
synthesis 1
1 ATP + 1 E4P + 2 PEP + 1 NADPH = 1 CHOR
Lysine sythesis 1 1 AKG + 1 AcCoA = 1 NADH + 1 C02 + 1 AKAD
Lysine synthesis 2 2 GLU + 2 NADPH + 1 AKAD = 2 AKG + 1 LYS
Phenylalanine+Tyrosine synthesis 2 1 CHOR = 1 PREP
Leucine synthesis 2 1 2KI + 1 AcCoA + 1 GLU = 1 NADH + 1 AKG + 1 
LEU + 1 C02
Valine synthesis 2 1 2KI + 1 GLU = 1 AKG + 1 VAL
Cysteine synthesis 1 1 SER + 1 HSER + 1 AcCoA = 1 NH3 + 1 CYS
Glutamine synthesis 1 1 ATP + 1 NH3 + 1 GLU = 1 GLN
Phenylalanine synthesis 3 1 GLU + 1 PREP = 1 PHE + 1 AKG + 1 C02
Methanol uptake = 1 MeOH
Formaldehyde+Xylulose-5-phosphate to 
Dihydroxy acetone
phosphate+glyceraldehyde-3-phosphate
1 Xu5P + 1 HCHO = 1 GA3P + 1 DHA
Methanol+oxygen to formaldehyde 0.5 02  + 1 MeOH = 1 HCHO
Dihydroxy acetone to Dihydroxy acetone 
phosphate
1 ATP + 1 DHA = 1 DHAP
Table 4.1. Results of correlation analysis using data from P ich ia  pastoris  metabolic flux matrix.
Reactions shown had a correlation of p=0.95 to p=1.0 to human serum albumin excretion in 
oxygen limitation experiments. For definitions of reaction metabolites see Appendix 1.
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Reaction Equation
Glycerol-3-phosphate to Dihydroxyacetone 
phosphate
1 G3P = 1 DHAP + 1 FADH
Glycerol uptake = 1 GLYxt
Glycerol to GlyceroI-3-phosphate 1 ATP + 1 GLYxt = 1 G3P
Methionine+Threonine synthesis 1 1 ATP + 1 ASP = 1 LASP
Methionine+Threonine synthesis 2 1 LASP+ 2 NADPH = 1 HSER
Methytetrahydrofolate synthesis 1 1 ATP + 1 NADPH = 1 METHF
Phosphoenylpyruvate to Oxalacetate 1 C02 + 1 PEP = 1 OAA
Aspartate synthesis 2 1 OAA + 1 GLU = 1 AKG + 1 ASP
Threonine synthesis 3 1 ATP + 1 HSER = 1 THR
Glycine synthesis 3 1 THR = 1 GLY
Dihydroxyacetone phosphate to 
Glyceraldehyde-3-phosphate
1 DHAP = 1 GA3P
3-PhosphogIycerate to 2-Phosphoglycerate 1 3PG = 1 2PG
2-Phosphoglycerate to Phosphoenylpyruvate 1 2PG = 1 PEP
Glyceraldehyde-3-phosphate to 
Diphosphoglycerate
1 GA3P = 1 NADH + 1 DPG
Diphosphoglycerate to 3-Phosphogiycerate 1 DPG = 1 ATP + 1 3PG
Alphaketoglutarate to Succinyl CoA 1 AKG = 1 SUCCoA + 1 NADH + 1 C02
Succinyl CoA to Succinate 1 SUCCoA =1 SUC
Succinate to Fumarate 1 SUC = 1 FUM + 1 FADH
Malate to Oxaloacetate 1 MAL = 1 OAA + 1 NADH
Fumarate to Malate 1 FUM = 1 MAL
Acetyl CoA+Oxaloacetate to Citrate 1 OAA + 1 AcCoA = 1 ISOCIT
Isocitrate to Alphaketoglutarate 1 ISOCIT = 1 AKG + 1 C02 + 1 NADPH
Pyruvate to Acetyl CoA 1 PYR = 1 NADH + 1 AcCoA + 1 C02
Phosphoenyl pyruvate to Pyruvate 1 PEP s 1 ATP + 1 PYR
Table 4.2. Results of correlation analysis using data from P ich ia  p astoris  metabolic flux matrix.
Reactions shown had a correlation of p=-0.95 to p=-1.0 to human serum albumin excretion in 
oxygen limitation experiments. For definitions of reaction metabolites see Appendix 1.
4.8 Conclusions
Oxygen availability appears to correlate with Paoxi and Paoxi activity. However, 
its influence on HSA and AOX production at a transcriptional level appears more 
complex. While an increase in AOX2 mRNA correlated with an increase in 
biomass concentration, an increase in HSA mRNA above 1 LajrxLCuiture"1xh'1 did 
not result in an increase in HSA concentration. The low biomass concentration
suggested that the degradative effect of proteases on HSA was unlikely. This 
indicates that control of HSA production is at a level other than transcription.
A metabolic flux analysis matrix of Pichia pastoris was produced. Flux analysis 
of data from both the oxygen limitation and ratio feed experiments was 
performed. Carbon balancing revealed that in both oxygen limitation and ratio 
feed (Chapter 5) experiments the carbon dioxide produced was being under 
measured. Carbon balancing was performed to estimate the actual production 
rate of carbon dioxide. The flux distribution of P. pastoris was recalculated using 
the adjusted data.
Flux distribution data was correlated to HSA excretion. Reactions shown to be 
highly positively correlated were HSA constituent amino acid synthesis (as might 
be expected) and oxygen uptake, indicating a positive effect of oxygen on HSA 
excretion. Reactions that were highly negatively correlated to HSA excretion 
were some reactions of the TCA cycle (this may indicate that an increase in flux 
towards the PPP may have a positive effect on HSA excretion), glycerol uptake 
(probably due to the inhibition of Paoxi and thereby HSA synthesis) and HSA 
constituent amino acid synthesis reactions where the flow of flux was away from 
HSA excretion.
When all of the findings, presented in this thesis were considered together, it 
became clear that one of the significant findings of the oxygen iimitation 
experiments was that dendrogram cluster analysis of the flux distribution data
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(See Figure 5.13. Chapter 5) showed that oxygen limitation had an inhibitory 
effect on flux distribution through the pentose phosphate pathway (This is 
discussed in more detail in Chapter 5). This corresponds with the hypothesis 
that an increase in flux towards the PPP could improve protein yield, as 
suggested by correlation analysis of the flux distribution.
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C h a p t e r  5. H e t e r o l o g o u s  protein yield is affected b y  the 
ratio of glycerol:methanol
5.1 Introduction
The inhibitory effects of glycerol on the methanol utilisation pathway of P. 
pastoris have been well documented (Brierley et ai, 1990;Cereghino et al, 
2002; Inan and Meagher, 2001) but the mechanism of inhibition has not been 
explicitly identified. Inhibitory effects of glycerol on heterologous protein 
production (in strains where this is under control of Paoxi) have also been 
reported in which repression of Paoxi has been observed (Cregg et al, 1985). It 
has been difficult to differentiate these two effects, and other possible controlling 
factors in the absence of a systematic investigation of culture physiology.
Some work has already been performed investigating combined 
glycerol/methanol feeding. Egli et al. (1982) and Zhang et al. (2003) have 
performed combined glycerol/methanol feed work with methylotrophic yeasts. 
Both experiments showed that pmax on a combined glycerol/methanol feed was 
higher than on methanol alone. Zhang et al. (2003) performed glycerol/methanol 
combined feed experiments using a Mut+ P. pastoris strain with the proportion of 
glycerol:methanol based upon growth kinetics. It was shown that if glycerol was 
fed (combined with methanol) at a rate lower than pmax of glycerol alone there 
was no inhibitory effect of glycerol upon product formation.
Work by Inan and Meagher (2001) investigated the use of non-repressing carbon 
sources to bypass the problems of product repression by glycerol, it was shown 
that alanine, sorbitol, mannitol and trehalose did not repress p-gal production 
under control of Paoxi. However, the biomass yield from the cultures grown on 
carbon sources other than glycerol was much lower although product yield was 
higher. In most industrial processes the differentiation of the glycerol growth 
stage and methanol induction stage are desirable as it makes the behaviour of 
the culture easier to predict.
5.2 Combined glycerol and methanol feeding
A set of experiments using combined feeds of glycerol and methanol were 
performed in chemostats. Medium FBSM (for formulation see page 23) was fed, 
containing different ratios of glycerol and methanol. These experiments allowed 
the effect of combined feeding on Paoxi repression/derepression (by glycerol) 
and induction (by methanol) to be investigated. It was found that glycerol 
concentration had overriding control over the production of HSA. However, QRT- 
PCR showed no statistically discernable effect of the different feed formulation on 
HSA mRNA production pattern controlling HSA production. Metabolic flux 
analysis, by contrast, appeared to show that flux of metabolites through the 
metabolic pathways had a major effect on HSA production, which was 
statistically influenced by the medium formulation. The hypothesis was made 
that an assimilatory or a dissimilatory methanol utilisation metabolic pathway
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(Sakai et al, 1999) was used depending on the concentration of biomass. Here 
this hypothesis was tested. Metabolic flux analysis appeared to show that a 
competition between the PPP and the TCA cycle within the cell regulated HSA 
and biomass production.
In mixed glycerol/methanol feeding experiments, glycerol is the primary growth 
substrate within the medium feed (Zhang et al, 2003). Methanol acts as both an 
inducer (on Paoxi and PAox2 controlling HSA and biomass production 
respectively) and a carbon source for biomass and HSA production (Lim et al, 
2003). As shown by Cregg et al. (1989) in wild-type cells the level of induction of 
Paoxi (and thereby HSA production in Muts strains) will be much higher than 
induction of PAox2 (and thereby AOX production).
Biomass concentration increased in line with the total amount of carbon supplied 
to the culture (Fig. 5.1).
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Biomass
Figure 5.1. Biomass concentration in chemostat culture of Pichia pastoris GS115 His+ Muts 
Albumin (Invitrogen) using the basal salts medium (formulation page 23) containing the ratios of 
glycerol and methanol shown.
H ow ever, a h ighe r rate o f ca rbon  uptake did no t p roduce a h ighe r b iom ass yie ld  
as the b iom ass yie ld  on to ta l ca rbon  d ecreased  in re la tion  to  an increase  in 
spec ific  tota l ca rbon  up take  rate (F ig . 5.2).
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Carbon uptake rate (g0art)0nxgblomassxh'1)
Figure 5.2. Specific carbon uptake rate plotted against biomass yield on total carbon from ratio 
feed chemostat experiments performed using P ich ia  p astoris  GS115 His* Muts albumin 
(Invitrogen) using the basal salts medium (formulation page 23).
Surprisingly viability increased in proportion to the concentration of methanol in 
the medium feed (Fig. 5.3). Previous reports (Lim et al, 2003) had suggested 
that excess methanol is toxic to P. pastoris. However, it appears that under 
these carbon limited chemostat culture conditions, complete utilization of glycerol 
results in methanol assimilation for viable cell production, even if there is an 
excess of methanol. This corresponds to previous work in which combined 
glycerol and methanol feeding made strains more metabolicaliy active and able 
to synthesise more heterologous protein than on methanol alone (Cregg et al,
1993). As all g lycero l w as utilized a t each ra tio  tested the  increase  in ava ilab le  
m ethano l a llow ed p roduction  o f m ore  v iab le  cells.
Indeed it can be seen  (F ig . 5.4) tha t the re  is no re la tionsh ip  betw een residua l 
m ethano l concen tra tion  and the  n u m b e r o f v iab le  cells.
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Figure 5.3. Specific cell viability from chemostat culture of Pichia pastoris GS115 His+ Muts 
Albumin (Invitrogen) using fermentation basal salts medium (formulation page 23) containing the 
ratios of glycerol and methanol shown.
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Figure 5.4. Residual methanol concentration plotted against colony forming units per gram 
biomass from ratio feed experiments performed using P ich ia  p asto ris  GS115 His* Muts albumin 
(Invitrogen) using the basal salts medium (formulation page 23).
As the concentration of glycerol within the medium feed increased the specific 
HSA production rate decreased (Fig. 5.5). It has been proposed that feeding 
other carbon sources combined with methanol inhibits the stimulation of the AOX 
promoters (Brierley et al, 1990;Thorpe et al, 1999). Thus, increasing the 
methanol concentration had no effect on the specific HSA production rate, 
presumably due to the overriding inhibitory effect of glycerol (as detailed In 
(Cregg and Madden, 1988)).
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Figure 5.5. Specific protein production rate from chemostat culture of Pichia pastoris GS115 His+ 
Muts Albumin (Invitrogen) using fermentation basal salts medium (formulation page 23) containing 
the ratios of glycerol and methanol shown.
Alcohol oxidase mRNA normalized to 18S rRNA and HSA mRNA normalized to 
18S rRNA showed no statistically significant patterns (Fig. 5.6a, 5.6b and 5.7). 
This showed that under the conditions studied there was not a statistically 
significant inhibition/stimulation of Paoxi and Paox2 by glycerol or methanol 
respectively (at the level of transcription). This is similar to the lack of correlation 
between HSA mRNA relative to 18S rRNA and the actual amount of HSA 
produced observed in the oxygen limitation experiments (Chapter 4). However, 
much previous work has shown that there is tight regulatory control of Paoxi at 
the transcriptional level depending on the carbon source used (Cregg et al,
1993;Van Verseveld and Duine, 1986), Our findings could be explained by 
opposing positive and negative regulation arising from the use of a combined 
glycerol and methanol feed. Less work has been published on combined feeds 
(Brierley et al, 1990;Egli et al, 1982).
Cluster analysis of variables measured in the ratio experiments was performed 
(Fig. 5.7.). Cluster analysis uses the dissimilarities (distances) between the 
measured variables to produce a hierarchical tree (dendrogram) in which those 
measured variables showing the highest similarity are grouped together in 
clusters. It thereby allows us to determine which factors have most effect on one 
another within the cultures performed. Here Euclidean distance was measured, 
it is the geometric distance in multidimensional space.
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Figure 5.6a and b. AOX2 mRNA and HSA mRNA normalised to 18S ribosomal RNA from 
chemostat culture of P ich ia  p as to ris  GS115 His* Mut8 Albumin (Invitrogen) using fermentation 
basal salts medium (formulation page 23) containing the ratios of glycerol and methanol shown.
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Figure 5.7. Cluster analysis of variables measured from ratio feed experiments performed in 
chemostat culture of P ich ia  p as to ris  GS115 His* Muts Albumin (Invitrogen) using fermentation 
basal salts medium (formulation page 23). Units: Specific colony forming units (colony forming 
unitsxgbiomass'1). human serum albumin produced (|igproteinxLCUiture~1)> methanol concentration
(gmethanoixlmedium"1). residual methanol (gmethanoixLcu,ture1), specific methanol uptake rate
(9methanoixgbiomass"1 xh’1), specific protein production rate (pgprote[nXgbiomass'1xfV1), AOX2 mRNA
expression relative to 18S rRNA expression (arbitrary units), biomass concentration
(gbiomassxLcuiture'1), colony forming units (colony forming unitsxmlCUiture"1), biomass yield on glycerol 
(gxg'1), biomass yield on methanol (gxg'1), biomass yield on total carbon (gxgatom-1), Metabolic 
flux to histidine (mMolxgbiomass^xh'1), metabolic flux of PEP (phosphoenyl pyruvate) to OAA 
(oxaloacetate) (rnMolxgbiomass^xh'1), glycerol concentration (ggiyceroXlmedium*1) and HSA mRNA 
expression relative to 18S rRNA expression (arbitrary units).
Volumetric protein concentration (Mgl’1) correlates well with specific cell viability 
(fig. 5.7 and fig. 5.8). There is no such correlation between protein and biomass 
concentrations, increasing support for the concept that cell viability is important 
rather than simple dependence on the number of ceils present (as seen in work 
by (Hohenblum et al, 2003)). Replotting the data from Fig 5.3 highlights the 
positive correlation of cfuxgl"1 with the methanol concentration in the feed (fig. 5.9 
and fig. 5.7). The cluster analysis also highlighted the correlation between 
specific methanol uptake and specific protein production (fig. 5.7).
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CFUxgbiomass
Figure 5.8. Colony forming units (CFU) per litre medium plotted against HSA protein 
concentration from ratio feed experiments performed using P ich ia  p as to ris  GS115 His+ Muts 
Albumin (Invitrogen) using the basal salts medium (formulation page 23).
Methanol concentration (gl'1)
Figure 5.9. Methanol concentration plotted against colony forming units per gram biomass from 
ratio feed experiments performed using P ic h ia  p as to ris  GS115 His+ Muts Albumin (Invitrogen) 
using the basal salts medium (formulation page 23).
Although no relationship was discernable from cluster analysis (fig. 5.7), the 3D 
bar plot (fig. 5.5) indicated that, specific protein production rate was highest at 
ratios containing the lowest concentration of glycerol (10 gl"1), and lowest at 
ratios containing the highest concentration of glycerol (20 gl'1). There was an 
increase in specific methanol uptake rate with an increase in methanol being fed. 
This meant that the cells were consuming a greater amount of methanol, which 
was not being used to produce more protein as the specific protein production 
rate did not increase. Therefore, the “extra" methanol consumed was probably 
going to produce either biomass and/or carbon dioxide.
Results showed there was a linear relationship between the biomass produced 
and the specific methanol uptake rate in ratios containing 20gl‘1 glycerol (the 
specific methanol uptake rate increases with the concentration of methano! fed) 
(Figure 5.1).
There was also an increase in the biomass concentration and specific methanol 
uptake rate in ratios containing 15gl’1 glycerol (Fig. 5.1). This indicates that 
carbon from the increased methanol consumed, formed biomass in feed ratios 
that contained 20 and 15gl“1 glycerol. The effect of specific methanol uptake rate 
on biomass production in cultures fed on a medium containing 10gl'1 glycerol 
was negligible. This suggests that the extra methanol consumed by cultures that 
were fed 10gl'1 glycerol was not used for biomass production. This result might 
have arisen from the ability of P. pastoris to generate more biomass at ratios
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containing higher concentrations of glycerol, allowing the cells to adapt to the 
increase in methanol concentration (and use it to produce biomass). These 
results also suggest that, at 10gl*1 glycerol the increased carbon uptake rate from 
methanol was going to form carbon dioxide as this was the other largest 
measured variable. Indeed, there was a marked increase in the specific carbon 
dioxide production rate with the increase in specific methanol uptake rate in 
cultures fed on a medium containing 10gl"1 glycerol.
This suggests that the extra methanol consumed at higher methanol uptake rates 
in cultures fed 10gl'1 glycerol was being used to produce energy a byproduct of 
which is carbon dioxide, thereby resulting in the increase in specific carbon 
dioxide production rate.
Both the biomass and specific carbon dioxide production rate results can 
probably be explained by the mode of metabolism adopted by the cells. There 
are two major methanol metabolism pathways in P. pastoris. One, the 
formaldehyde oxidation pathway, produces energy and carbon dioxide as the 
end product (Figure 5.10a). While the other produces ceil constituents as its end 
products (Figure 5.10b). It is likely that in cultures fed on a medium containing 
10gf1 glycerol the formaldehyde oxidation pathway was adopted (Figure 5.10a), 
resulting in the production of carbon dioxide. Cultures grown on a medium 
containing 20gl”1 glycerol probably adopted the methanol metabolism pathway 
(Figure 5.10b), resulting in the production of biomass. The reason for the use of
97
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different methanol metabolic pathways was probably related to the biomass 
concentrations. This can be explained by the following hypothesis.
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Figure 5.10. The methanol metabolism pathway of P ich ia  pastoris  divided into: a. Glutathione- 
dependent formaldehyde oxidation pathway, and b. Cell constituent producing methanol 
metabolism pathway. Enzymes (I) alcohol oxidase (AOX); (II) catalase; (111) glutathione- 
dependent formaldehyde dehydrogenase; (IV) S-fonmylglutathione hydrolase; (V) formate 
dehydrogenase; (VI) dihydroxyacetone synthase; (VII) dihydroxyacetone kinase; (VIII) fructcose 
1,6-bisphosphate aldolase; (IX) fructose 1,6-bisphosphatase. (After (Sakai e t  ai, 1999).
The lower biomass in cultures fed on a medium containing 10g!‘1 glycerol meant 
that methanol was in excess and therefore had to be removed to stop its 
cytotoxic effect on the ceils. The formaldehyde oxidation pathway (that was 
probably used by cultures on 10gl"1 glycerol) is considered to contribute to 
formaldehyde detoxification (Sakai et al, 1999). Cultures fed on a medium 
containing 20gf1 glycerol produced sufficient biomass so that methanol 
cytotoxicity was probably not a problem and therefore the cells were able to 
adopt the biomass producing pathway, when there was an increase in methanol 
uptake rate.
5.3 Metabolic Flux Analysis
As with the oxygen limitation experiments (Chapter 4), flux and correlation 
analysis of the nutrient ratio chemostat experiments was performed. Flux 
analysis highlighted the reactions that were highly positively correlated to HSA 
excretion. The correlated reactions were mostly those that produce the amino 
acids (all of which form HSA) (Table 5,1). As with the oxygen limitation 
experiments, the reactions highly negatively correlated to HSA excretion were 
those of amino acid synthesis in which flux flowed away from HSA excretion 
(Table 5.2). Interestingly, unlike the oxygen limitation experiments flux 
distribution correlation (Chapter 4), reactions of the TCA cycle were not present 
in the reactions highly negatively correlated to HSA excretion.
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Reaction Equation
HSA synthesis 35 PHE + 28 SER + 7 MET + 17 ASN + 63 ALA + 
9 ILE + 29 THR + 16 HIS + 64 LEU + 62 GLU + 36 
ASP + 13 GLY + 43 VAL + 19 TYR + 35 CYS + 20 
GLN + 2 TRP + 27 ARG + 60 LYS + 24 PRO = 1 
HSA
Histidine synthesis 1 1 ATP + 1 PRPP + 1 GLN = 2 NADH + 1 AKG + 1 
HIS
Asparagine synthesis 1 1 ATP + 1 ASP + 1 GLN = 1 ASN + 1 GLU
Phenylalanine synthesis 3 1 GLU + 1 PREP = 1 PHE + 1 AKG + 1 C02
Lysine sythesis 1 1 AKG + 1 AcCoA = 1 NADH + 1 C02 + 1 AKAD
Lysine synthesis 2 2 GLU + 2 NADPH + 1 AKAD = 2 AKG + 1 LYS
Tryptophan+Phenylalanine+Tyrosine+Glycine 
synthesis 1
1 ATPV 1 E4P + 2 PEP + 1 NADPH = 1 CHOR
Leucine synthesis 2 1 2KI + 1 AcCoA + 1 GLU = 1 NADH + 1 AKG + 1 
LEU + 1 C02
Valine+Leucine synthesis 1 2 PYR + 1 NADPH = 1 2KI + 1 C02
Phenylalanine+Tyrosine synthesis 2 1 CHOR = 1 PREP
Cysteine synthesis 1 1 SER + 1 HSER + 1 AcCoA = 1 NH3 + 1 CYS
Tyrosine synthesis 3 1 GLU + 1 PREP = 1 AKG + 1 TYR + 1 C02 + 1 
NADPH
Arginine synthesis 1 2 ATP + 1 AcCoA + 3 GLU + 1 ASP + 1 NADPH = 
1 FUM + 1 AKG + 1 ARG
Proline synthesis 1 1 ATP + 1 GLU = 1 PRO
Valine synthesis 2 1 2KI + 1 GLU = 1 AKG + 1 VAL
Alanine synthesis 1 1 GLU + 1 PYR = 1 ALA+ 1 AKG j
Methionine synthesis 3 1 HSER + 1 AcCoA = 1 MET
Glutamate synthesis 1 1 AKG + 1 NH3 + 1 NADPH = 1 GLU
Ammonia uptake = 1 NH3
Tryptophan synthesis 1 1 SER + 1 PRPP + 1 GLN + 1 CHOR = 1 GLU + 1 
C02 + 1 GA3P + 1 TRP + 1 PYR
Isoleucine synthesis 1 1 THR + 1 GLU + 1 PYR + 1 NADPH = 1 ILE + 1 
AKG + 1 NH3 + 1 C02
Serine synthesis 6 1 GLU + 1 3PG = 1 SER + 1 NADH + 1 AKG
Glycine synthesis 1 1 SER = 1 GLY + 1 METHF
Table 5.1. Results of correlation analysis using data from P ich ia  p asto ris  metabolic flux matrix.
Reactions shown had a correlation of p=0.95 to p=1.0 to human serum albumin excretion in ratio 
feed experiments performed. For definitions of reaction metabolites see Appendix 1.
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Reaction Equation
Phosphoenylpyruvate to Oxalacetate 1 C02 + 1 PEP = 1 OAA
Aspartate synthesis 2 1 OAA + 1 GLU = 1 AKG + 1 ASP
Methionine+Threonine synthesis 1 1 ATP + 1 ASP = 1 LASP
Methionine+Threonine synthesis 2 1 LASP + 2 NADPH = 1 HSER
Threonine synthesis 3 1 ATP + 1 HSER = 1 THR
Methytetrahydrofolate synthesis 1 1 ATP + 1 NADPH = 1 METHF
Glycine synthesis 3 1 THR = 1 GLY
Table 5.2. Results of correlation analysis using data from P ich ia  p as to ris  metabolic flux matrix. 
Reactions shown had a correlation of p=-0.95 to p=-1.0 to human serum albumin excretion in 
ratio feed experiments performed. For definitions of reaction metabolites see Appendix 1.
Many amino acid biosynthetic pathways are derived from the pentose phosphate 
pathway (PPP). The reactions of the tricarboxylic acid (TCA) cycle produce 
energy and also have a biosynthetic function, contributing to the majority of cell 
biomass production. Building on the appearance of TCA cycle reactions 
negatively correlated to HSA excretion in Chapter 4 (Table 4.2), we can 
hypothesise that there might be a competition within the cell for flux of 
metabolites, either to PPP derived amino acids to produce HSA or to the TCA 
cycle. When the specific protein production rate and biomass yield data for the 
feed ratio experiments are compared, it confirms that if there is a high HSA 
specific production rate the biomass yield is low (Figure 5.11a. and b.). Giving 
further support to the hypothesis of competition between amino acids for HSA 
and the TCA cycle within the cell. Also the cells are subject to a metabolic 
burden due to over expression of a foreign protein (HSA) that demands 
resources that would hamper energy generation, cell maintenance and growth.
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Figure 5.11. a. Biomass yield derived from chemostat culture of Pichia pastoris GS115 His* Muts 
Albumin (Invitrogen) using fermentation basal salts medium containing the ratios of glycerol and 
methanol shown, b. Specific protein production rate derived from chemostat culture of Pichia 
pastoris GS115 His* Muts Albumin (Invitrogen) using fermentation basal salts medium 
(formulation page 23) containing the ratios of glycerol and methanol shown.
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It seems from the flux analysis that PPP reactions are highly negatively 
correlated with increasing glycerol availability. Cluster analysis of the flux data 
from both the oxygen limitation and ratio feed experiments was performed. The 
clustering of the ratio feed experiments dendrogram displayed a ‘cascade’ shape 
indicating that there were no major differences between the observed data (Fig 
5.12). However, the dendrogram obtained for experiments under oxygen 
limitation was clustered into two distinct parts (Fig 5.13). One cluster contained 
the reactions of the pentose phosphate pathway (PPP) while the other contained 
the rest of the reactions in P. pastoris. These results agree with a physiological 
situation in which the PPP reacts adversely to oxygen limited conditions as was 
discussed in previous experiments showing an inhibitory effect of oxygen 
limitation and glycerol availability on flux through the PPP of Pichia (Fredlund et 
al., 2004).
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Cell viability showed the most obvious relationship to HSA production. Viability 
also seemed to be correlated with availability of methanol in the medium. The 
negative relationship between glycerol concentration and HSA production 
concurs with all of the literature, which states this as the case (Brierley et al, 
1990;Cregg et al, 1993;Thorpe et al, 1999;Van Verseveld and Duine, 1986), but 
its mechanistic basis is not immediately obvious. Both HSA and AOX2 mRNA 
(relative to 18S rRNA) production did not show a statistically significant change at 
any of the ratios of glycerol:methanol tested. This was suprising as all literature 
points to the tight regulation of the AOX promoters by carbon source as detailed 
in the references above. One explanation was that the combined feeding of 
glycerol and methanol eclipsed the glycerol-derived control effects.
Metabolic flux analysis indicated a negative effect of glycerol on PPP enzymes 
that would be required for production of amino acids. From the observed data it 
was hypothesised that an assimilatory or a dissimilatory methanol utilisation 
metabolic pathway was used, depending on the concentration of biomass. At 
higher biomass concentrations the methanol assimilatory (biomass generating) 
pathway was active, at lower biomass concentrations it was the dissimilatory 
(carbon dioxide generating) pathway that was active.
Metabolic flux analysis showed that reactions highly correlated to HSA excretion 
were those of amino acid production; while reactions negatively correlated to
5 .4  C o n c l u s i o n s
HSA excretion were those of amino acid synthesis in which flux flowed away 
from HSA excretion. The comparison of biomass yield and specific protein 
production rate added strength to the hypothesis that there could be competition 
for the flow of metabolites between the PPP and the TCA cycle, with an increase 
in the former improving protein production rate.
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C h a p t e r  6. Final D i s c u s s i o n
From Experiments investigating oxygen limitation (Chapter 4.), ratio of 
glycerohmethanol in the medium feed (Chapter 5.) and metabolic flux 
analysis it was concluded that:
The main finding of this work was the negative effect of flux away from the 
pentose phosphate pathway (PPP) on amino acid synthesis and thereby 
heterologous protein production/excretion, it was also hypothesised that 
an increase in flux towards the tricarboxylic acid (TCA) cycle would have a 
negative effect upon heterologous protein production, as this would make 
lower concentration of metabolites available to enter the PPP.
Data presented here is reproduced from data in previous chapters for ease of 
explanation.
Correlation analysis of flux distribution data from the oxygen limitation 
experiments (Chapter 4) showed that a reduction of flux towards the PPP 
adversely affected HSA excretion (Table 6.1).
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Reaction Equation
Glyceroi-3-phosphate to Dihydroxyacetone 
phosphate
1 G3P = 1 DHAP + 1 FADH
Glycerol uptake = 1 GLYxt
Glycerol to Glycerol-3-phosphate 1 ATP + 1 GLYxt = 1 G3P
Methionine+Threonine synthesis 1 1 ATP + 1 ASP = 1 LASP
Methionine+Threonine synthesis 2 1 LASP + 2 NADPH = 1 HSER
Methytetrahydrofolate synthesis 1 1 ATP + 1 NADPH = 1 METHF
Phosphoenylpyruvate to Oxalacetate 1 C02 + 1 PEP = 1 OAA
Aspartate synthesis 2 1 OAA + 1 GLU = 1 AKG + 1 ASP
Threonine synthesis 3 1 ATP + 1 HSER = 1 THR
Glycine synthesis 3 1 THR = 1 GLY
Dihydroxyacetone phosphate to 
Glyceraldehyde-3-phosphate
1 DHAP = 1 GA3P
3-Phosphoglycerate to 2-Phosphoglycerate 1 3PG = 1 2PG
2-Phosphoglycerate to Phosphoenylpyruvate 1 2PG = 1 PEP
GJyceraldehyde-3-phosphate to 
Diphosphoqlvcerate
1 GA3P = 1 NADH + 1 DPG
Diphosphoglycerate to 3-Phosphoglycerate 1 DPG = 1 ATP + 1 3PG
Alphaketoglutarate to Succinyl CoA 1 AKG = 1 SUCCoA + 1 NADH + 1 C02
Succinyl CoA to Succinate 1 SUCCoA = 1 SUC
Succinate to Fumarate 1 SUC = 1 FUM + 1 FADH
Maiate to Oxaloacetate 1 MAL = 1 OAA + 1 NADH
Fumarate to Maiate 1 FUM = 1 MAL
Acetyl CoA+Oxaloacetate to Citrate 1 OAA + 1 AcCoA « 1 ISOCIT
Isocitrate to Alphaketoglutarate 1 ISOCIT *  1 AKG + 1 C02 + 1 NADPH
Pyruvate to Acetyl CoA 1 PYR a 1 NADH + 1 AcCoA + 1 C02
Phosphoenyi pyruvate to Pyruvate 1 PEP a 1 ATP + 1 PYR
Table 6.1. Results of correlation analysis using data from oxygen limitation experiments using
P ich ia  p as to ris  metabolic flux matrix. Reactions shown had a correlation of p=-0.95 to p=-1.0 to 
human serum albumin excretion in oxygen limitation experiments. For definitions of reaction 
metabolites see Appendix 1.
This observation was believed to be because many amino acid biosynthetic 
pathways are derived from the PPP. As the reactions of the TCA cycle produce 
energy and also have a biosynthetic function it was hypothesized that there was 
competition between the PPP and the TCA cycle for the distribution of 
metabolites. Graphing data from the ratio feed experiments comparing biomass 
yield and specific protein production rate, showed that an increase in one led to a 
decrease in the other giving further support to the hypothesis of competition 
between the PPP and the TCA cycle (Fig 6.1a and 6.1b).
I l l
a.
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Biomass Yield
(9btomass^9total carbon )
b.
Specific 
Protein 
Production Rate
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Figure 6.1. a. Biomass yield derived from chemostat culture of Pichia pastoris GS115 His* Muts 
Albumin (Invitrogen) using fermentation basal salts medium containing the ratios of glycerol and 
methanol shown, b. Specific protein production rate derived from chemostat culture of Pichia 
pastoris GS115 His* Muts Albumin (Invitrogen) using fermentation basal salts medium 
(formulation page 23) containing the ratios of glycerol and methanol shown.
The oxygen limitation experiments flux data showed the negative effect of 
increasing glycerol availability on reactions of the PPP (Table 6.1). Cluster 
analysis of the oxygen and ratio experiments flux data revealed negative effects 
of oxygen limitation on the flux of metabolites to the PPP (Fig 6.2 and 6.3). The 
ratio flux data displays a typical cascade pattern (Fig 6.2). However, the oxygen 
data is arranged into two distinct clusters Fig 6.3). One cluster is the reactions of 
the PPP the other is all the other reactions within the matrix. These results 
indicate that oxygen limitation adversely effects the distribution of metabolites to 
the PPP; other work has shown an inhibitory effect on flux through the PPP of 
Pichia due to oxygen limitation and glycerol availability (Fredlund et al., 2004).
113
114
aouejsjQ
Pi
ch
ia 
pa
st
or
is
 
rat
io 
fee
d 
ex
pe
rim
en
t 
m
et
ab
ol
ic
 
flu
x 
re
ac
tio
ns
Fi
gu
re
 
6.
2.
 
De
nd
ro
gr
am
 
cl
us
te
r 
an
al
ys
is
 
of 
Pi
ch
ia
 
pa
st
or
is
 
G
S
1
15 
Hi
s+ 
Mu
ts 
Al
bu
mi
n 
me
ta
bo
li
c 
flu
x 
da
ta
. 
Da
ta
 
wa
s 
fro
m 
a 
se
ri
es
 
of 
ch
em
os
ta
t 
ex
pe
ri
me
nt
s 
in 
wh
ic
h 
the
 
rat
io 
of 
gl
yc
er
ol
 to
 
me
th
an
ol
 w
as
 
al
te
re
d.
115
C
2tnQJQ.
$£
C
COCoftoroo>
«>
aouejSjQ
GOcofturo4>
>
5x:13
CL0>
13
x:Q.OTo
a>co
oftc©
CL Fi
gu
re
 
6.
3.
 
De
nd
ro
gr
am
 
cl
us
te
r 
an
al
ys
is
 
of 
Pi
ch
ia
 
pa
st
or
is
 
G
S
1
15 
Hi
s+ 
Mu
ts 
Al
bu
mi
n 
me
ta
bo
li
c 
flu
x 
da
ta
. 
Da
ta
 
wa
s 
fro
m 
a 
se
ri
es
 
of 
ch
em
os
ta
t 
ex
pe
ri
me
nt
s 
in 
wh
ic
h 
the
 
air
flo
w 
rat
e 
wa
s 
be
tw
ee
n 
0.
1-
1.
0 
La
ir
/L
oi
um
e/
mi
n'
1 (
li
mi
te
d)
.
Metabolic flux analysis of data from both the oxygen and ratio experiments 
revealed, unsurprisingly, that the reactions responsible for amino acid synthesis 
were positively correlated to HSA excretion (Table 6.2 and 6.3). Other reactions 
that were shown to be positively correlated to HSA excretion by flux analysis 
were oxygen uptake, and methanol uptake reactions. The increase caused by 
oxygen uptake could be explained by an increase in oxygen allowing more 
methanol utilization to occur using AOX from AOX2. This concurs with the 
findings of CFBC work in Chapter 3 in which it was shown that an increase in the 
level of dissolved oxygen within the bioreactor resulted in an increase in protein 
yield. Methanol uptake would cause an Increase in HSA excretion, probably due 
to the stimulatory effect of methanol on Paoxi-
The presence of the glycerol uptake reactions as a negatively correlated in the 
oxygen limitation results but not the ratio feed results may indicate that the 
negative effect of glycerol upon heterologous protein excretion is enhanced 
under oxygen limited conditions.
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Reaction Equation
HSA synthesis 35 PHE + 28 SER + 7 MET + 17 ASN + 63 ALA + 
9 ILE + 29 THR + 16 HIS + 64 LEU + 62 GLU +
36 A S P + 13 G LY+ 43 V A L+19  TYR + 35 CYS 
+ 20 GLN + 2 TRP + 27 ARG + 60 LYS + 24 PRO 
= 1 HAS
Tryptophan synthesis 1 1 SER + 1 PRPP + 1 GLN + 1 CHOR = 1 GLU + 
1 C02 + 1 GA3P + 1 TRP + 1 PYR
Oxygen Uptake = 1 02
Histidine synthesis 1 1 ATP + 1 PRPP + 1 GLN = 2 NADH + 1 AKG + 1 
HIS
Methionine synthesis 3 1 HSER + 1 AcCoA =1 MET
Isoleucine synthesis 1 1 THR + 1 GLU + 1 PYR + 1 NADPH = 1 ILE + 1 
AKG + 1 NH3 + 1 C02
Ribulose-5-phosphate to PRPP 1 ATP + 1 Ri5P = 1 PRPP
Asparagine synthesis 1 1 ATP + 1 ASP + 1 GLN *  1 ASN + 1 GLU
Proline synthesis 1 1 ATP + 1 GLU = 1 PRO
Tyrosine synthesis 3 1 GLU + 1 PREP a 1 AKG + 1 TYR + 1 C02 + 1 
NADPH
Valine+Leucine synthesis 1 2 PYR + 1 NADPH = 1 2KI + 1 C02
Alanine synthesis 1 1 GLU + 1 PYR a 1 ALA + 1 AKG
Ammonia uptake = 1 NH3
Glutamate synthesis 1 1 AKG + 1 NH3 + 1 NADPH = 1 GLU
Arginine synthesis 1 2 ATP + 1 AcCoA + 3 GLU + 1 ASP +1 NADPH = 
1 FUM + 1 AKG + 1 ARG !
Serine synthesis 6 1 GLU + 1 3PG a 1 SER + 1 NADH + 1 AKG
Glycine synthesis 1 1 SER = 1 GLY + 1 METHF
Tryptophan+Phenylalanine+Tyrosine+Glycine 
synthesis 1
1 ATP + 1 E4P + 2 PEP + 1 NADPH = 1 CHOR
Lysine sythesis 1 1 AKG + 1 AcCoA = 1 NADH + 1 00 2  + 1 AKAD
Lysine synthesis 2 2 GLU + 2 NADPH + 1 AKAD a 2 AKG + 1 LYS
Phenylalanine+Tyrosine synthesis 2 1 CHOR = 1 PREP
Leucine synthesis 2 1 2KI + 1 AcCoA + 1 GLU = 1 NADH + 1 AKG + 1 
LEU + 1 C02
Valine synthesis 2 1 2KI + 1 GLU = 1 AKG + 1 VAL
Cysteine synthesis 1 1 SER + 1 HSER + 1 AcCoA = 1 NH3 + 1 CYS
Glutamine synthesis 1 1 ATP + 1 NH3 + 1 GLU = 1 GLN
Phenylalanine synthesis 3 1 GLU + 1 PREP = 1 PHE + 1 AKG + 1 0 0 2
Methanol uptake a 1 MeOH
Forma!dehyde+Xylulose-5-phosphate to 
Dihydroxy acetone
phosphate+glvceraldehyde-3-phosphate
1 Xu5P + 1 HCHO = 1 GA3P + 1 DHA
Methanol+oxygen to formaldehyde 0.5 02 + 1 MeOH = 1 HCHO
Dihydroxy acetone to Dihydroxy acetone 
phosphate
1 ATP + 1 DHA = 1 DHAP
Table 6.2. Results of correlation analysis using data from oxygen limitation experiments using
P ich ia  p as to ris  metabolic flux matrix. Reactions shown had a correlation of p=0.95 to p=1.0 to
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human serum albumin excretion in oxygen limitation experiments. For definitions of reaction 
metabolites see Appendix 1.
Reaction Equation
HSA synthesis 36 PHE + 28 SER + 7 MET + 17 ASN + 63 ALA + 
9 ILE + 29 THR + 16 HIS + 64 LEU + 62 GLU + 36 
ASP + 13 GLY + 43 VAL + 19 TYR + 35 CYS + 20 
GLN + 2 TRP + 27 ARG + 60 LYS + 24 PRO = 1 
HSA
Histidine synthesis 1 1 ATP + 1 PRPP + 1 GLN = 2 NADH + 1 AKG + 1 
HIS
Asparagine synthesis 1 1 ATP + 1 ASP + 1 GLN = 1 ASN + 1 GLU
Phenylalanine synthesis 3 1 GLU + 1 PREP = 1 PHE + 1 AKG + 1 C02
Lysine sythesis 1 1 AKG + 1 AcCoA = 1 NADH + 1 C02 + 1 AKAD
Lysine synthesis 2 2 GLU + 2 NADPH + 1 AKAD = 2 AKG + 1 LYS
Tryptophan+Phenylalanine+Tyrosine+Glycine 
synthesis 1
1 ATP + 1 E4P + 2 PEP + 1 NADPH = 1 CHOR
Leucine synthesis 2 1 2KI + 1 AcCoA + 1 GLU = 1 NADH + 1 AKG + 1 
LEU + 1 C02
Valine+Leucine synthesis 1 2 PYR + 1 NADPH = 1 2KI + 1 C02
Phenylalanine+Tyrosine synthesis 2 1 CHOR = 1 PREP
Cysteine synthesis 1 1 SER + 1 HSER + 1 AcCoA = 1 NH3 + 1 CYS
Tyrosine synthesis 3 1 GLU + 1 PREP = 1 AKG + 1 TYR + 1 C02 + 1 
NADPH
Arginine synthesis 1 2 ATP + 1 AcCoA + 3 GLU + 1 ASP + 1 NADPH = 
1 FUM + 1 AKG + 1 ARG
Proline synthesis 1 1 ATP + 1 GLU = 1 PRO
Valine synthesis 2 1 2KI + 1 GLU = 1 AKG + 1 VAL
Alanine synthesis 1 1 GLU + 1 PYR = 1 ALA + 1 AKG
Methionine synthesis 3 1 HSER +1 AcCoA = 1 MET
Glutamate synthesis 1 1 AKG + 1 NH3 + 1 NADPH = 1 GLU
Ammonia uptake = 1 NH3
Tryptophan synthesis 1 1 SER + 1 PRPP + 1 GLN + 1 CHOR = 1 GLU + 1 
C02 + 1 GA3P + 1 TRP + 1 PYR
Isoleucine synthesis 1 1 THR + 1 GLU + 1 PYR + 1 NADPH = 1 ILE + 1 
AKG + 1 NH3 + 1 C02
Serine synthesis 6 1 GLU + 1 3PG = 1 SER + 1 NADH + 1 AKG
Glycine synthesis 1 1 SER = 1 GLY + 1 METHF
Table 6.3. Results of correlation analysis using data from ratio feed experiments using P ich ia
p as to ris  metabolic flux matrix. Reactions shown had a correlation of p=0.95 to p=1.0 to human 
serum albumin excretion in ratio feed experiments performed. For definitions of reaction 
metabolites see Appendix 1.
Quantitative mRNA analysis of data from the oxygen limitation and ratio feed 
experiments revealed some interesting results. It should be stated that all data 
for HSA mRNA and AOX2 mRNA was normalised to 18S rRNA as an internal 
standard.
The oxygen limitation experiments showed that HSA mRNA increases with an 
increase in airflow rate. There was no increase in methanol concentration to 
stimulate P a o x i  so  this probably indicates that oxygen itself has a stimulatory 
effect on P a o x i• From an evolutionary viewpoint this would make sense as 
oxygen must be present for AOX to function. However, the increase in HSA 
mRNA was not translated into protein product. Up to 1 L airflow protein 
production did increase similarly to HSA mRNA; above 1 L airflow there was a 
large decrease in specific protein production rate (Fig 6.4). This indicates that 
above 1 L airflow HSA production may be regulated at a level other than 
transcription. It could also be that 1 L airflow is the optimal airflow for HSA 
production to occur and increasing airflow above this rate placed cells are under 
such high oxidative stress that protein production rate was affected.
The oxygen limitation experiments showed that AOX2 mRNA increases with an 
increase in airflow rate. Again as with P a o x i  there was no increase in methanol 
concentration to stimulate P a o x s  so  this probably indicates that oxygen itself has 
a stimulatory effect on P a o x 2- The increase in AOX2 mRNA was accompanied
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with an increase in biomass, indicating that AOX being produced was utilizing the 
methanol present and facilitating the production of biomass (Fig 6.5).
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Figure 6.4. Specific protein production rate and human serum albumin mRNA (relative to 18S 
ribosomal RNA) of P ich ia  p asto ris  GS115 His* Muts Albumin (Invitrogen) in chemostat culture 
using fermentation basal salts medium containing 20 gl"1 glycerol and 3gl'1 methanol at the airflow 
rates shown.
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Airflow rate (LairxLcuUure 1xh'1)
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Figure 6.5. Biomass and Alcohol oxidase 2 mRNA (relative to 18S ribosomal RNA) of P ich ia
p as to ris  GS115 His* Muts Albumin (Invitrogen) in chemostat culture using fermentation basal
salts medium (for formulation see page 23) containing 20 gl'1 glycerol and 3gi‘1 methanol at the 
airflow rates shown.
The ratio feed experiments revealed alcohol oxidase mRNA and HSA mRNA 
showed no definite patterns (Fig 6.6a and b). This shows that there is not a 
statistically significant inhibition/stimulation of Paoxi and Paox2 by glycerol or 
methanol respectively (at the level of transcription). This may be related to the 
lack of correlation between mRNA ratio to 18S rRNA and the actual amount of 
protein produced also observed in the oxygen limitation experiments.
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Ratio glycerol: methanol (gl-1)
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Figure 6.6a and b. AOX2 mRNA and HSA mRNA normalised to 18S ribosomal RNA from 
chemostat culture of P ich ia  p as to ris  GS115 His* Muts Albumin (Invitrogen) using fermentation 
basal salts medium (formulation page 23) containing the ratios of glycerol and methanol shown.
However, much previous work has shown that there is tight regulatory control of 
Paoxi at the transcriptional level depending on the carbon source used (Van 
Verseveld and Duine, 1986;Cregg et al., 1993). These findings could be 
explained by opposing positive and negative regulation arising from the use of a 
combined glycerol and methanol feed.
Final Summary
• The flux analysis data showed there was a negative effect of if flux 
moved away from the pentose phosphate pathway (PPP) as this 
reduced amino acid synthesis and thereby heterologous protein 
production/excretion.
• QRT-PCR showed that there was an increase in the level of HSA and 
AOX mRNA (relative to 18S rRNA) with an increase in airflow rate. 
However, above 1L airflow the HSA mRNA was not used to produce 
more HSA indicating that control was at another level in the cascade 
of protein production.
• QRT-PCR showed that there was no statistically significant pattern of 
inhibition/stimulation of HSA or AOX mRNA production (relative to 
18S rRNA).
• CFBC produced a superior specific protein yield to the common 
feeding process. However, problems of plasmid stability and ease of 
processing could make CFBC less attractive for industrial scale use.
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Further investigation of the negative effect of flux away from the pentose 
phosphate pathway (PPP) and thereby heterologous protein production/excretion 
should be carried out. This could be done by generating mutant P. pastoris 
strains lacking in enzymes at key points of the PPP to determine if heterologous 
protein production is affected. Simpler investigations could involve 
supplementary feeding with intermediates of the PPP to determine if there is a 
stimulatory effect upon heterologous protein production.
More work should be performed examining the decrease in heterologous protein 
production above 2L airflow in the oxygen limitation experiments. Performing 
further chemostat oxygen limitation experiments between 1 and 2 L airflow could 
help determine the exact optimal airflow rate for protein production.
The effects of combined glycerol/methanol feeding should be further 
investigated. This would allow the discovery of conditions under which there is a 
statistically significant effect upon heterologous protein and AOX2 mRNA 
production.
The metabolic flux network of Pichia pastoris that was produced here should be 
expanded to provide increased options for analysis of the network and design of 
mutants. Also the actual concentrations of dihydroxy acetone phosphate and
F u t u r e  W o r k
glyceraldehyde-3-phosphate should be measured to allow the actual metabolite 
distribution at this branch point to be measured.
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A p p e n d i x  1 .  P i c h i a  p a s t o r i s  F l u x  M a t r i x  R e a c t i o n s
Reaction Equation
Growth rate
Ammonia uptake a 1 NH3
Glycerol uptake = 1 GLYxt
Methanol uptake = 1 M eOH
Oxygen uptake = 1 02
Carbon dioxide excretion 1 C02 =
Formaldehyde+Xylulose-5-
phosphate_Dihydroxyacetone
phosphate+Glyceraldehyde-3-phosphate
1 XuSP + 1 H C H O  = 1 GA3P + 1 DHA
Glycerol+Adenosine triphosphate_GIycerol-3- 
phosphate
1 ATP + 1 GLYxt = 1 G3P
Glyceroi-3-phosphate_Dihydroxyacetone
phosphate
1 G3P = 1 DHAP + 1 FADH
Dihydroxyacetone phosphate _Glyceraldehyde-3- 1 DHAP = 1 GA3P
phosphate
Fructose-1,6-bisphosphate _Dihydroxyacetone 
phosphate+Glyceraldehyde-3-phosphate
1 DHAP + 1 GA3P = 1 F1.6P
Fructose-1,6-bisphosphate _Fructose-6- 
phosphate
1 F1,6P = 1 F6P
Fructose-6-phosphate_ Glucose-6-phosphate 1 F6P = 1 G6P
GIucose-6-phosphate_6-phosphoglycerate+ 
Nicotinamide adenine dinucieotide phosphate 
(reduced)
1 G6P = 1 6PG + 1 NADPH
Ribulose-5-phosphate_ Ribose-5-phosphate 1 Ru5P = 1 Ri5P
Ribulose-5-phosphate _ Xylulose-5-phosphate 1 Ru5P = 1 Xu5P
Ribose-5-phosphate + Xylulose-5-phosphate _ 
Glyceraldehyde-3-phosphate+Sedheptulose-7- 
phosphate
1 Ri5P + 1 Xu5P a 1 GA3P + 1 S7P
Erythrose-4-phosphate+ Xylulose-5-phosphate _ 
Fructose-6-phosphate+ Glyceraidehyde-3- 
phosphate
1 E4P + 1 XuSP * 1 F6P + 1 GA3P
Phosphoenyl pyruvate_ Pyruvate* Adenosine 
triphosphate
1 PEP = 1 ATP + 1 PYR
Acetyl Coenzyme A+ Oxaloacetatejsocitrate 1 O A A  + 1 AcCoA = 1 ISOCIT
Isocitrate _a-keto glutarate+Carbon Dioxide+ 
Nicotimamide adenine dinucleotide (reduced)
1 ISOCIT = 1 A K G  + 1 C02 + 1 NADPH
a-keto glutarate_Succinyl Coenzyme A 
+Nicotimamide adenine dinucleotide (reduced)+ 
Carbon Dioxide
1 A K G  = 1 SUCCoA + 1 NADH + 1 C02
Succinyl Coenzyme A_ Succinate 1 SUCCoA = 1 SUC
Succinate_Fumarate+Flavin adenine dinucleotide 
(reduced)
1 SUC a 1 FUM + 1 FADH
Malate_Oxaloacetate+Nicotimamide adenine 
dinucieotide (reduced)
1 MAL = 1 OAA + 1 NADH
Glutamate synthesis 1 1 A K G  + 1 NH3 + 1 NADPH = 1 GLU
Alanine synthesis 1 1 GLU + 1 PYR = 1 ALA + 1 AKG
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Reaction (cont.) Equation (cont)
Aspartate synthesis 2 1 O A A +  1 GLU = 1 AKG + 1 ASP
Glycine synthesis 1 1 SER = 1 GLY + 1 METHF
Cysteine synthesis 1 1 SER + 1 HSER + 1 AcCoA = 1 NH3 + 1 CYS
Tryptophan+Phenylalanine+Tyrosine+Glycine 
synthesis 1
1 ATP + 1 E4P + 2 PEP + 1 NADPH = 1 C H O R
Phenyialanine+Tyrosine synthesis 2 1 C H O R  = 1 PREP
Tyrosine synthesis 3 1 GLU + 1 PREP = 1 A K G  + 1 TYR + 1 C02 + 1 
NADPH
Phenylalanine synthesis 3 1 GLU + 1 PREP = 1 PHE + 1 A K G  + 1 C02
Asparagine synthesis 1 1 ATP + 1 ASP + 1 GLN = 1 ASN + 1 GLU
Glutamine synthesis 1 1 ATP + 1 NH3 + 1 GLU = 1 GLN
Valine+Leucine synthesis 1 2 PYR + 1 NADPH = 1 2KI + 1 C02
Valine synthesis 2 1 2KI + 1 GLU = 1 AKG + 1 VAL
Leucine synthesis 2 1 2KI + 1 AcCoA + 1 GLU = 1 NADH + 1 A K G  + 
1 LEU + 1 C02
Ribose-5-
phosphate Phosphoribosylpyrophosphate
1 ATP + 1 Ri5P - 1 PRPP
Tryptophan synthesis 1 1 SER + 1 PRPP + 1 GLN + 1 C H O R  = 1 GLU + 
1 C02 + 1 GA3P + 1 TRP + 1 PYR
Methionine+Threonine synthesis 1 1 ATP + 1 ASP = 1 LASP
Methionine+Threonine synthesis 2 1 LASP + 2 NADPH = 1 HSER
Threonine synthesis 3 1 ATP + 1 HSER = 1 THR
Methionine synthesis 3 1 HSER + 1 AcCoA = 1 MET
Isoleucine synthesis 1 1 THR + 1 GLU + 1 PYR + 1 NADPH = 1 ILE + 
1 A K G  + 1 NH3 + 1 C02
Lysine synthesis 1 1 A K G  + 1 AcCoA = 1 NADH + 1 C02 + 1 
AKAD
Histidine synthesis 1 1 ATP + 1 PRPP + 1 GLN = 2 NADH + 1 A K G  + 
1 HIS
Palmitic acid synthesis 7 ATP + 14 NADH + 8 AcCoA = 1 PALM
Oleic acid synthesis 6 ATP + 12 NADH + 7 AcCoA = 1 OLE
rUTP synthesis 4 ATP + 1 PRPP + 1 ASP = 1 NADH + 1 rUTP
rCTP synthesis 1 ATP + 1 GLN + 1 rUTP = 1 GLU + 1 rCTP
rATP synthesis 5 ATP + 1 PRPP + 2 ASP + 1 GLY + 1 GLN + 1 
C02 + 2 METHF = 2 FUM + 1 NADH + 2 GLU + 
1 rATP
rGTP synthesis 6 ATP + 1 PRPP + 1 ASP + 1 GLY + 3 GLN + 1 
C02 + 2 METHF = 2 FUM + 2 NADH + 3 GLU + 
1 rGTP
dATP synthesis 1 NADH + 1 rATP = 1 dATP
dGTP synthesis 1 NADH + 1 rGTP = 1 dGTP
dCTP synthesis 1 NADH + 1 rCTP = 1 dCTP
dTTP synthesis 2 NADH + 1 rUTP + 1 METHF = 1 dTTP
Oxydative phosphorylation 1 1 NADH + 1 02 = 3.5 ATP
Oxydative phosphorylation 2 1 FADH + 1 02 = 2.5 ATP
Mwthanol+Oxygen_FormaIdehyde 0.5 02 + 1 MeOH = 1 H C H O
Dihydroxy acetone_ Dihydroxyacetone phosphate 1 ATP + 1 DHA = 1 DHAP
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Reaction (cont.) Equation (cont.)
Sedheptulose-7-phosphate+ Glyceraldehyde-3- 
phosphate_ Erythrose-4-phosphate+Fructose-6- 
phosphate
1 GA3P + 1 S7P = 1 E4P + 1 F6P
6-phosphoglycerate_Ribuiose-5-phosphate 1 6PG * 1 C02 + 1 Ru5P + 1 NADPH
Pyruvate_ Acetyl Coenzyme A  + 
Nicotimamide adenine dinucleotide (reduced) 
+Carbon Dioxide
1 PYR = 1 NADH + 1 AcCoA + 1 C02
Nicotimamide adenine dinucleotide (reduced)_ 
Nicotinamide adenine dinucleotide phosphate 
(reduced)
1 NADH = 1 NADPH
Human serum albumin synthesis 35 PHE + 28 SER + 7 M E T  + 17 ASN + 63 ALA 
+ 9 ILE + 29 THR + 16 HIS + 64 LEU + 62 GLU 
+ 36 ASP + 13 GLY + 43 VAL + 19 TYR + 35 
CYS + 20 GLN + 2 TRP + 27 A R G  + 60 LYS + 
24 P R O  = 1 HSA
Serine synthesis 6 1 GLU + 1 3PG = 1 SER + 1 NADH + 1 A K G
Proline synthesis 1 1 ATP + 1 GLU a 1 PRO
Arginine synthesis 1 2 ATP + 1 AcCoA + 3 GLU + 1 ASP + 1 NADPH 
a 1 FUM + 1 AKG + 1 A R G
Lysine synthesis 2 2 GLU + 2 NADPH + 1 AKAD = 2 A K G  + 1 LYS
Glycine synthesis 3 1 THR = 1 GLY
Glyceraidehyde-3-phosphate_ 
Diphosphoglycerate + Nicotimamide adenine 
dinucleotide (reduced)
1 GA3P = 1 NADH + 1 DPG
Diphosphoglycerate_3-phosphoglycerate+ 
Adenosine triphosphate
1 DPG = 1 ATP + 1 3PG
3-phosphoglycerate_2-phosphogIycerate 1 3PG = 1 2PG
2-phosphoglycerate_Phosphoenyl pyruvate 1 2PG = 1 PEP
Methytetrahydrofolate synthesis 1 1 ATP + 1 NADPH = 1 METHF
Fumarate Malate 1 FUM = 1 MAL
Malate_Pyruvate+ Nicotimamide adenine 
dinucleotide (reduced)+Carbon Dioxide
1 M A L =  1 NADH + 1 C02 + 1 PYR
Oxaloacetate_Phosphoenyl pyruvate 1 O A A  + 1 ATP = 1 C02 + 1 PEP
Aspartate_Fumarate 1 ASP = 1 FUM + 1 NH3
Fumarate+Flavin adenine dinucieotide (reduced) _ 
Succinate
1 F U M  + 1 FADH a 1 SUC
Adenosine triphosphate sink 1 ATP =
Phosphoenyl pyruvate_Oxaloacetate 1 C02 + 1 PEP = 1 OAA
Human serum albumin excretion 1 HSA =
M etabolite Key
Abbreviation Common name
2K! 2-keto-isovalerate
2PG 2-phosphoglycerate
3PG 3-phosphog!ycerate
6PG 6-phosphoglycerate
AcCoA Acetyl Coenzyme A
Abbreviation (cont.)Common name (cont.)
AKAD a-keto adipate
AKG a-keto glutarate
ALA Alanine
ARG Arginine
ASN Asparagine
ASP Aspartate
ATP Adenosine triphosphate
C H O R Chorismate
C02 Carbon Dioxide
CYS Cysteine
dATP Deoxyribonucleic acid form of Adenine tri-phosphate
dCTP Deoxyribonucleic acid form of Cytosine tri-phosphate
dGTP Deoxyribonucleic acid form of Guanine tri-phosphate
DHA Dihydroxy acetone
DHAP Dihydroxyacetone phosphate
DPG Diphosphoglycerate
dTTP Deoxyribonucleic acid form of Thymine tri-phosphate
E4P Erythrose-4-phosphate
F1.6P Fructose-1,6-bisphosphate
F6P Fructose-6-phosphate
FADH Flavin adenine dinucieotide (reduced)
FUM Fumarate
G3P Giycerol-3-phosphate
G6P Glucose-6-phosphate
GA3P Glyceraldehyde-3-phosphate
GLN Glutamine
GLU Glutamate
GLY Glycine
GLYxt Glycerol
H C H O Formaldehyde
HIS Histidine
HSA Human serum albumin
HSER Homoserine
ILE Isoieucine
ISOCIT Isocitrate
LASP L-aspartyl-4-phosphate
LEU Leucine
LYS Lysine
MAL Maiate
MeOH Methanol
MET Methionine
METHF Methyltetrahvdrofolate
NADH Nicotimamide adenine dinucieotide (reduced)
NADPH Nicotinamide adenine dinucieotide phosphate (reduced)
Abbreviation (cont.)Common name (cont.)
NH3 Ammonia
02 Oxygen
O A A Oxaloacetate
OLE Oleic acid
PALM Palmitic acid
PEP Phosphoenyl pyruvate
PHE Phenylalanine
PREP PREP
PRO Proline
PRPP Phosphoribosylpyrophosphate
PYR Pyruvate
rATP Ribonucleic acid form of Adenine tri-phosphate
rCTP Ribonucleic acid form of Cytosine tri-phosphate
rGTP Ribonucleic acid form of guanine tri-phosphate
Ri5P Ribose-5-phosphate
Ru5P Ribulose-5-phosphate
rUTP Ribonucleic acid form of Uracil tri-phosphate
S7P Sedheptulose-7-phosphate
SER Serine
SUC Succinate
SUCCoA Succinyl Coenzyme A
THR Threonine
TRP Trypsin
TYR Tyrosine
VAL Valine
Xu5P Xylulose-5-phosphate
A p p e n d i x  2 .  C a l c u l a t i o n s  u s e d
On the following pages are the formulae used to perform the calculations, 
appearing in the order they were used.
C hapter 3
Dilution rate
Dilution rate (h'1) = Flow rate (L x min"1) /  Volum e (L)
S p ecific  protein yield
Specific protein yield (mgprotein x gbiomass"1) = Protein (mg x I"1) /  Biomass (g x I"1) 
G lycerol Uptake rate
Glycerol uptake rate (g h'1) = Glycerol consum ed (g) x  Dilution rate (h"1) 
M ethanol Uptake rate
Methanol uptake rate (g h"1) = Methanol consum ed (g) x Dilution rate (h"1) 
B iom a ss produ ction  rate
Biomass production rate (g h"1) = Biomass produced (g) x Dilution rate (h‘1) 
Protein prod u ction  rate
Protein production rate (g h"1) = Protein produced (g) x Dilution rate (h"1)
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S p e c ific  m ethanol utilisation rate
Specific methanol utilisation rate (gmethanoi x gbiomass x h'1) = Methanol consum ed 
(g) /  Biomass (g) x Dilution rate (h_1)
S p e c ific  m ethanol su p p ly  rate
Specific methanol supply rate (gmethanoi x gbiomass x h'1) = Methanol supplied (g) /  
Biom ass (g) x Dilution rate (h '1)
B iom a ss Yield (on  M ethanol)
Biom ass Yield (gbiomass x gmethanoi'1) = Biom ass (g) /  Methanol supplied (g) 
R espiratory Q uotient
Respiratory Quotient = Carbon dioxide produced (% ) /  Oxygen consum ed (% ) 
Chapter 4
S p e c ific  protein produ ction  rate
Specific protein production rate (pgprotem x gbiomass x h"1) = Protein (pg) /  Biomass 
(g) x Dilution rate (h“1)
A irflow
Airflow (Lair x Lcuiture’ 1 x h‘ 1) = Air entering bioreactor (L) /  Culture volume (L) x 
Dilution rate (h“1)
O xygen  Uptake rate (OUR)
Atmospheric oxygen (% ) -  O bserved oxygen (% ) = Oxygen used (% )
Airflow (L x min"1) x Oxygen used (% ) /1 0 0  = OUR Lgas x min'1
OUR Lgas x min"1 /  Culture volume (L) = OUR Lgas x Lcu\ture x min"1
OUR Lgas x Lecture x min"1 x 60 (min) /  Biom ass (gl"1) = OUR Lgas x gbiomass x h"1
OUR Lgas X gbiomass X h"1 /  22.4 X1000 = OUR (mMoi X gbiomass x h“1)
B iom ass Yield (on  g ly cero l)
Biomass Yield (gbiomass x ggiyCero(1) = Biom ass (g) /  Glycerol supplied (g)
C hapter 5 
S p ec ific  ca rb on  uptake rate
Specific methanol utilisation rate (gmethanoi x gbiomass x h’ 1) x Molecular weight o f 
carbon atom s present (12) /  Molecular weight o f methanol (32) = Specific uptake 
rate of carbon derived from methanol (gcarbon x gbiomass x h"1)
Specific glycerol utilisation rate (ggiyCeroi x gbiomass x h"1) x Molecular weight o f 
carbon atoms present (36) /  Molecular weight o f glycerol (92) = Specific uptake 
rate of carbon derived from glycerol (gcarbon x gbiomass x h"1)
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Specific methanol utilisation rate (gmethanoi x gbiomass x h‘1) + Specific glycerol 
utilisation rate (ggiyCeroi x gbiomass x h '1) = Specific carbon uptake rate (gcarbon x
Qbiomass X h )
B iom a ss yield on  total ca rbon
Biom ass yield on total carbon (gbiomass x gcarbon) = Specific carbon uptake rate 
(gcarbon x gbiomass x h'1) x Dilution rate (h"1)
S p e c ific  Viability
Specific Viability (cfu x gbiomass x h '1) = Colony forming units (cfu x I"1) /  Biom ass 
(gl‘ 1) x dilution rate (h_1)
C hapter 6 
C arbon  balan ce 
M ethanol
Methanol consum ed (carbon m oles) = (Methanol consum ed (g f1) x Dilution rate 
(h‘1)) x Number o f carbon m oles in methanol (1) /  Molecular weight of methanol 
(32)
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G lycerol
Glycerol consum ed (carbon m oles) = (Glycerol consum ed (gl‘1) x Dilution rate (h' 
1)) x Number o f carbon m oles in glycerol (3) /  Molecular weight o f glycerol (92)
Human Serum  Album in (HSA)
HSA produced (carbon m oles) = ((HSA (p gr1) /1 0 0 0 0 0 0 ) x Dilution rate (h"1) x 
Number of carbon m oles In HSA (3076) /  Molecular weight of HSA (80231)
A m m onia
Ammonia consum ed (mole per hour) = (Ammonia consum ed (mi h'1) x Ammonia 
Relative density x Percentage of ammonia feed  that w as pure (35/100) /  
Molecular Weight o f Ammonia /  Culture Volum e (L)
O xygen
Oxygen (% ) /1 0 0  = Oxygen (fraction)
Atmospheric oxygen (fraction) -  Residual oxygen (fraction) = Oxygen consum ed 
(fraction)
Oxygen consum ed (fraction) x (Flow rate o f air (L min'1) /  Culture volume (L)) x 
Number o f minutes in an hour/Volume of 1 mole o f an ideal gas at standard 
temperature and pressure (22.4) = Oxygen consum ed (m oles)
C arbon d iox ide
Carbon dioxide (% ) /1 0 0  = Carbon Dioxide (fraction)
Atmospheric carbon dioxide (fraction) -  Residual carbon dioxide (fraction) = 
Carbon dioxide produced (fraction)
Carbon dioxide produced (fraction) x (Flow rate o f air (L min-1) /  Culture volume 
(L)) x Number of minutes in an hourA/oiume o f 1 mole o f an ideal gas at standard 
temperature and pressure (22.4) = Carbon dioxide produced (m oles)
P rocess in g  o f  data fo r  flux an alysis 
M ethanol
Methanol Fed (gl'1) -  Residual methanol (gl"1) = Methanol consum ed (gl'1) 
Methanol consum ed (gl'1) x Dilution rate (h '1) /  Molecular weight o f methanol (32) 
x Biomass (gl"1) x 1000 = Methanol consum ed (mMol x gbiomass x h'1)
G lycerol
Glycerol Fed (gl'1) -  Residual glycerol (gl-1) = Glycerol consum ed (gl'1)
Glycerol consum ed (gl'1) x Dilution rate (h_1) /  Molecular weight of glycerol (92) x 
Biomass (gl'1) x 1000 = Glycerol consum ed (mMol x gbiomass x h '1)
Human Serum  Album in (HSA)
HSA (mgl'1) /1 0 0 0  = HSA (gl'1)
HSA (gl'1) x Dilution rate (h '1) /  Molecular weight o f HSA (80231) x Biomass (gl’ 1) 
x 1000 = HSA (mMol x gbiomass x h_1)
136
137
Am m onia
Ammonia (gP1) x  Dilution rate (h~1) /  Molecular weight of Ammonia (17) x Biomass 
(gl“1) x  1000 = Ammonia (mMol x gbiomass x h‘1)
O xygen
Oxygen (% ) /1 0 0  = Oxygen (fraction)
Atmospheric oxygen (fraction) -  Residual oxygen (fraction) = Oxygen consum ed 
(fraction)
Oxygen consum ed (fraction) x (Flow air out /  Flow air in) x (Flow air in /  culture 
volume) x (Number o f minutes in an hour/Volume of 1 mole o f an ideal gas at 
standard temperature and pressure (22.4)) = Oxygen (m oles)
Oxygen (m oles) / Biomass (gl'1) x 1000 = Oxygen (mMol x gbiomass x h“1)
C arbon  d iox id e
Carbon dioxide (% ) /1 0 0  = Carbon Dioxide (fraction)
Atmospheric carbon dioxide (fraction) -  Residual carbon dioxide (fraction) = 
Carbon dioxide produced (fraction)
Carbon dioxide produced (fraction) x (Flow air out /  Flow air in) x  (Flow air in /  
culture volume) x (Number o f minutes in an hourA/olume o f 1 mole o f an ideal 
gas at standard temperature and pressure (22.4)) = Carbon dioxide (m oles) 
Carbon dioxide (m oles) /  Biom ass (gP1) x  1000 = Carbon dioxide (mMol x gbiomass 
x h '1)
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